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PREFACE 


The Electric and Hybrid Vehicle Research, Development, and Demonstration Act 
of 1976 (Public Law 94-413) authorized a Federal program of research and 
development designed to promote electric and hybrid vehicle technologies. 

The Energy Research and Development Administration, now the Department of 
Energy (DOE), which was given the responsibility for implementing the Act, 
established the Electric and Hybrid Vehicle Research, Development, and 
Demonstration Project within the Division of Transportation Energy Conservation 
to manage the activities required by Public Law 94-413. 

The National Aeronautics and Space Administration under an Interagency 
Agreement (Number EC-77-A-31 -1 044 ) was requested by ERDA (DOE) to undertake 
research and development of propulsion systems for electric and hybrid 
vehicles. The Lewis Research Center was made the responsible NASA Center 
for this project. The study presented in this report is an early part of 
the Lewis Research Center program for propulsion system research and development 
for electric vehicles. 


The research described in this report was conducted under Contract DEN3-78 
with the National Aeronautics and Space Administration (NASA) and sponsored 
by the Department of Energy through an agreement with NASA. 
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1 . ABSTRACT 


A study for evaluation of advanced electric propulsion system concepts 
with flywheels for electric vehicles predicts that advanced systems can 
provide considerable performance improvement over existing electric pro- 
pulsion systems with little or no cost penalty. Using components speci- 
fically designed for an integrated electric propulsion system avoids the 
compromises that frequently lead to a loss of efficiency and to inefficient 
utilization of space and weight. A propulsion system using a flywheel 
energy storage device can provide excellent acceleration under adverse 
conditions or battery degradation due either to very low temperatures or 
high degrees of discharge. Both electrical and mechanical means of transfer 
of energy to and from the flywheel appear attractive; however, development 
work is required to establish the safe limits of speed and energy storage 
for advanced flywheel designs and to achieve the optimum efficiency of 
energy transfer. Brushless traction motor designs using either electronic 
commutation schemes or dc-to-ac inverters appear to provide a practical 
approach to a mass producible motor, with excellent efficiency and light 
weight. No comparisons were made with advanced system concepts which do not 
incorporate a flywheel . 


2. INTRODUCTION 


This study is intended to identify and evaluate advanced propulsion 
system concepts for on-the-road electric vehicles. Electric vehicles are 
of interest because their use will reduce petroleum consumption and 
pollution. Today about one half of the petroleum consumed in the United 
States is used for transportation. The introduction of electric vehicles 
could significantly shift the transportation energy base to other sources 
such as coal, nuclear, and solar. 

Most electric passenger cars built in recent years have been con- 
versions of conventional automobiles using available dc motors with 
various control schemes. 

The availability of vehicles, motors and control devices rather than 
optimum energy efficiency and performance often dictated the nature of 
the propulsion system design. With the evolution of a new generation of 
electric vehicles for passenger use, specially-design components will 
presumably be used. If a new generation of electric vehicles is to be 
mass produced for a potentially large market, the components for these 
vehicles should be tailored to meet the specific requirements of an 
automotive market. The criteria for weight and efficiency would not 
necessarily be those for the industrial motor and controller nor for air- 
craft motors, but would aim to meet the vehicular needs of light weight, 
low cost and high efficiency. 

The study was to select from several proposed concepts, two concepts 
that have a rang.e of 100 miles over the J227a D cycle (ref. 1) and also meet 
performance standards set by NASA using battery characteristics given 
by NASA. Conceptual designs of these two concepts were then to be 
prepared. 


3 . 


OBJECTIVE 


The objective of the study is to identify attractive concepts for 
advanced propulsion systems that offer considerable performance improve- 
ment over existing propulsion systems with little or no potential cost 
penalty. 
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4. TASK DESCRIPTIONS 


The program effort was organized into four main tasks as shown in 
Table 1. In the first task. Preliminary Analysis, a variety of candidate 
propulsion systems were evaluated using the performance requirements for 
a four passenger vehicle assuming the use of an improved state-of-the-art 
(ISOA) lead-acid battery. It was also assumed that advanced components 
would be available for an engineering model by 1983. Components assumed 
available in this timeframe include high-speed light-weight traction motors 
designed specifically for electric vehicles, advanced semiconductor 
controllers for these motors, high-specific-energy flywheels, and light- 
weight continuously-variable-transmissions (CVT). Task 1 also includes 
an assessment of the technology advancements required to yield the compo- 
nents and system integrations for the advanced propulsion systems. 

In the second task, Design Trade-Off Studies, the most attractive 
candidates are subjected to a more detailed analysis to determine optimum 
sizes and ratings of system components, optimum operating points and operating 
modes to achieve the required performance considering energy consumption, 
battery life and life cycle cost. 

In the third task, Conceptual Design, layout drawings for the two 
most attractive concepts are to be prepared showing the location of all 
components within possible vehicle configurations. Consideration is to be 
given to cost, effective component operation, maintainability, reliability, 
and passenger safety and comfort. Performance and life cycle costs of these 
conceptual designs are to be estimated. 

In the fourth major task, Development Plan, the required effort for 
development of the conceptual designs will be assessed. This task is 
to identify all major developmental efforts for each new technology 
requirement. The plan is to cover the effort required up to and including 
fabrication and laboratory testing of an engineering model of the advanced 
propulsion system. Work on this task was submitted as a preliminary draft. 


Table 1. Task Descriptions 


Task No. 
1 


2 

3 


4 


Description 

Preliminary Analysis 

Evaluate general concepts and recommend 
five for Task 2 


Design Trade-Off Studies 

Optimize and evaluate specific concepts 


Conceptual Design 

Prepare conceptual designs of two con- 
cepts 


Development Plan 

Identify major activity areas and 
estimate required effort 
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5. REQUIREMENTS 


Advanced concepts for evaluation are envisioned as propulsion systems 
which can be developed in about five years using advanced technologies that 
are projected to produce components with lower weight and higher efficiency 
than current state-of-the-art components. These systems are expected to 
include flywheel energy storage devices not presently available to boost the 
peak power to give improved performance of electric vehicles. 

The purpose of the study is the conceptual design of two advanced 
electric propulsion systems with the objective of meeting the cost and 
performance requirements listed in Table 2, when the propulsion system is 
installed in an electric vehicle with characteristics as listed in Table 
3 using a battery with characteristics as listed in Table 4. 

The requirements are taken to apply at the test weight of the vehicle 
at an ambient temperature of 27°C and for a new traction battery. The test 
weight is taken as the curb weight of the vehicle plus 300 pounds (136 kg). 

In addition to the requirements given in Table 1, effort to minimize 
the effect on performance and operation due to battery degradation and 
operating temperature extremes of -29°C to +52°C. The propulsion system is 
to be designed to optimize the battery available energy and battery life. 

The driving cycles for evaluating electric vehicles are those specified 
by SAE J227a which lists four different test schedules. The characteristics 
of these schedules are summarized in Figure 1. Different schedules are 
used for different types of vehicles. The schedule "D" is the one to be 
used for evaluating advanced electric vehicles. The range for an electric 
vehicle operating repeatedly over the SAE J227a cycles is determined by 
the point where the vehicle can no longer satisfy the acceleration at the 
start of the cycle. 



Table 2. Advanced Electric Vehicle 
Performance Requirements and Cost Goals 


Min. Range, SAE J227a Schedule D, km (mi) 

Min. Range at constant 72 km/h (45 mi/h), km (mi) 

Max. acceleration time 0-89 km/h (0-55 mi/h), seconds 

Max, merging time, 40-89 km/h (25-55 mi/h), seconds 

Min. passing speed, km/h (mi/h) 

Sustained speed on an uphill 4% grade, km/h (mi/h) 

Ramp speed. Min. attainable from a stop on an uphill 
6 % grade in 305 m (1000 ft), km/h (mi/h) 

Maximum wall plug energy for SAE J227a, Schedule D 

Minimum life 

Maximum life cycle cost (propulsion system plus 
battery only) 


161 (100) 

209 (130) 

15 

10 

105 (65) 

89 (55) 

65 (40) 

559 kJ/km (250 W-H/mi ) 
161,000 km (100,000/mi) 
$.05/ km ($. 08/mi) 


Table 3. Electric Vehicle Characteristics 


Base weight, kg (lbs) 


326 (718) 

Maximum payload, kg (lbs) 


272 (600) 

Test load, kg (lbs) 


136 (300) 

Weight propagation factor 


1 .299 

Tire radius, mm (in) 


292.1 01.5 

Aero drag coefficient times 

Area, C^A, m 2 (ft 2 ) 

.56 (6) 

Air density, (^|-) 
nr 

^sec 2 lbs^ 

ft 4 

1.26 (2.38 

Rolling resistance coefficients 


C Q Non-dimensional 


8 x 10' 3 

r sec /Sec\ 

L 1 m [ ft ] 

r\ n 


3.599 x 10" ! 

^ sec ,sec \ 

2 m 2 V + 2 ] 

m ft 


1 .036 x 10"' 

Rotational inertia factor 

non-dimensional 

1 .04 


Table 4. Battery Characteristics 



Lead Acid 

Nickel -Zi nc 

Specific energy wh/kg 

40 

80 

Specific power w/kg 

100 

150 

Cycle life (80% discharge) 

800 

500 

Cost $/kWh 

50 

75 

Efficiency % 

60 

70 


10 " 3 ) 

(1 .097 x 10" 5 ) 
(9.63 xlO' 8 ) 



6, PRELIMINARY ANALYSIS 


* 


The characteristics and performance of 28 candidate propulsion 
systems were analyzed. These candidates covered a variety of component 
types and arrangements and included ac and dc traction motors with 
and without multi-speed transmissions. All candidates included a flywheel 
storage system to provide load levelling for the battery and to give a 
power boost for acceleration and an energy sink for use in regenerative 
braking. Single and dual axle drives were considered. 

A computer program which calculates the energy consumption of 
electric vehicles in any driving cycle was used to help evaluate the 
candidate systems. Preliminary studies of component types were made 
to establish the characteristics and data which were input to the 
computer program. Special subroutines were prepared to generate performance 
characteristics of various components. CVTs and electrical controllers 
were modeled on the basis of known losses. Motor types were modeled 
using equivalent circuit concepts and theoretical relationships for known 
losses. 

6.1 Methodology 

The method for analysis of propulsion system candidates was iterative 
in nature using a computer simulation of the specific driving cycles. 
Specifications of components were set initially at values believed to 
be adequate to satisfy performance requirements. These were then used 
as input for the computer with the various driving cycles set to simulate 
all the required performance goals. Component sizes and ratings were 
altered as require'd to satisfy all the power requirements. Battery weight 
was varied to meet the range requirements. Resulting vehicle weights, energy 
consumption and range were used as figures of merit for assessing the relative 
attractiveness of each of the candidates. In addition to the computer analysis, 
preliminary evaluations of technology risks and other factors were made. The 
most attractive concepts without excessive risks were identified for further 
study in design trade-off studies. 

The computer program, Appendix E, calculates all of the energy losses 
for the driving cycle on a second-by-second basis. The subroutines for 
the various motor types permits a direct calculation of copper and iron 
losses, bearing friction and windage. The motor subroutine for ac 
induction motors uses the equivalent circuit for induction motor and 
calculates the air gap magnetic flux required to produce the necessary 
counter emf. The dc motor subroutine calculates the required field coil 
excitation current and magnetic flux using a typical reluctance circuit 
and the magnetic saturation characteristics of a laminated iron used in 
motor construction. 
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Losses in the motor controller were separately calculated 
at each time step to find the efficiency of these units. 

Axle and transmission losses due to gear friction, bearing friction 
and windage were also calculated at each time step rather than using a 
fixed efficiency for these units. The losses for multi-speed transmissions 
varied with the gear ratio. 

Run-down losses for the flywheel were included in the calculation. 

The in-and-out efficiency of the flywheel storage system with its controller 
losses were also included. 

6.2 General Concepts 

The propulsion system for an electric vehicle can be very simple. 

An electric motor can be mechanically coupled to the drive wheels and the 
battery can be electrically connected to the motor by a simple control 
circuit. The electric motor draws current from the battery to provide 
propulsion power to drive the vehicle. Some means of controlling the 
power to the drive wheels is necessary to control the vehicle speed. A 
variety of different types of motors and their control is possible. Varying 
degrees of complication evolve around the control schemes for different 
types of motors and driveline components. High efficiency, light weight 
and easy handling are obviously desirable. Separately excited dc motors 
can be controlled by field weakening over a large speed range. The use of 
a transmission extends the vehicle speed range without a corresponding 
increase in motor speed range. Some vehicles also use chopper control of 
armature current to extend the range of motor control ability. 

For the envisioned automotive market the nature of the design would be 
such as to favor those designs more susceptible to mass production and low 
maintenance. Mechanically commutated dc motors would appear to be less 
attractive than squirrel cage induction motors or electronically commutated 
dc motors. However, the controller for such motors could have complications, 
weights and costs that would more than offset any savings due to the 
simpler motor construction. The trade-off between cost and efficiency 
would not merely be judged in terms of the cost of energy saved but would 
rather consider the increase in range and increase in battery life. 


Various general concepts using a variety of motor types and drive 
configurations have been proposed for preliminary analysis. All of these 
use a flywheel for a power booster to provide a power boost for 
acceleration and to maintain acceptable performance even on a nearly 
discharged battery or under adverse temperature conditions. The arrangement 
of the driveline components are shown in Figures 2, 3, 4, and 5. 

These four general configurations represent different driveline 
power flow paths using different elements. 
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Figure 3. General Concept B 



Figure 4. General Concept C 

















In general Concept A a single traction motor drives the vehicle with 
or without a transmission. Electrical energy for the traction motor comes 
from two sources, the battery and the flywheel storage system. The nature of 
the energy converters depends upon the type of traction motor used. The 
motor types considered for this general concept are three-phase ac induction 
motors and electronically commutated dc motors. The flywheel energy buffer 
consists of a flywheel coupled to a generator which converts the flywheel 
kinetic energy to electrical energy. To recharge the flywheel, the generator 
must run as a motor, thus, suitable motor types for coupling to the flywheel 
are those which can function both as a generator and as a motor over a wide 
speed range. Electronically commutated dc motors with field control appear 
to be most suitable for this purpose. The high speed of the flywheel drive 
motor requires a brushless design to minimize friction and run-down losses. 

Two types are considered for the preliminary analysis; one with permanent 
magnets for the field and the other with wound field coils. Permanent 
magnet motors are somewhat simpler than wound field machines and require 
no excitation current; however, the absence of controllable field coils 
limits the means of voltage control. The inability to weaken the field 
prevents the desirable reduction of eddy current and hysteresis losses during 
cruising and coasting periods where flywheel power is not required. 

General Concept B differs from General Concept A primarily in having 
two traction motors. It seemed possible that two smaller electric motors 
could give better efficiency than a single larger motor because one could 
be turned off to eliminate some of the losses which lead to reduced 

efficiency at light loads. Two motors would be used for acceleration and 

braking and a single motor used during cruise and other light load conditions. 

As with General Concept A this general concept covers variations having 
different motor types, with and without multi -speed transmissions. 

General Concept C employs two traction motors as does General Concept 
B, but uses two drive axles on the grounds that better recovery of energy 
via regenerative braking may be possible with this arrangement. This 
general concept also covers a range of motor types, with and without multi - 
speed transmissions. 

General Concept D is similar to General Concept A in having a single 
traction motor, but instead of using an electrical conversion of flywheel 
kinetic energy a mechanical conversion utilizing a continuously variable 
transmission (CVT) is used. Torque output of the flywheel is directly 
related to the rate of change of the flywheel's angular momentum which can 
be controlled by the rate of change of the CVT speed ratio. For this 
concept to be practical requires a light-weight CVT with high efficiency. 

It is believed that such a device can be developed. 

6.3 Characteristics of Tv action Motors 

The evaluation of the performance of any motor in a propulsion system 
is made in terms of its torque/speed characteristics and its losses. 
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Many different types of motors can be considered as possible traction 
motors for advanced electric propulsion systems. For such an application 
the motor should have high efficiency and be light weight and inexpensive. 

It should be easily controlled when used with batteries as the main source 
of energy. 

Over the years, there has been a steady growth in the improvement of 
the design of electric motors to take advantage of technological advancements 
in high temperature insulation, precision bearings, improved lubricants 
and precision reduction gearing. The invention of commutating poles and 
improved brush materials has permitted the design of dc motors to nearly 
keep pace with other technological advancements; however, at the present 
time commutation problems limit the output of dc machines. The brushes 
and commutator bars can be an economic obstacle to development of a mass 
produced electric vehicle using dc motors. Electronic commutation of dc 
motors could be economical and could provide a breakthrough for higher 
speed and higher power-to-weight ratio. 

Because of its ease of control the conventional shunt motor with 
field weakening is a popular choice for electric vehicles. It can be 
controlled over a fairly wide speed range using a chopper-type field 
current regulator to control the magnetic field. Weakening the field 
reduces the counter emf at a given speed to permit a greater armature 
current. The motor operates in essentially two regions as shown in 
Figure 6. At high speed (above the base speed), full voltage is applied 
to the armature windings, and power is controlled by regulating the field 
current. This is the field weakening region. At speeds below the base 
speed, the motor is incapable of generating adequate counter emf to permit 
operation with full voltage across the armature. In this region, armature 
current control is required. Armature current can be regulated by a 
semiconductor chopper switch which controls the on-off ratio. Figure 7 
shows a simplified chopper circuit for control of armature current. (ref . 2) For 
field current control, the power levels are lower and a transistorized 
chopper would be used in the first analysis. 

The torque/speed characteristics of the separately excited dc motor 
are calculated in the computer program using the basic relationships for 
the force on a conductor in a magnetic field and the voltage induced in a 
conductor moving through a magnetic field. Thus, the torque is directly 
proportional to the product of the armature current and the air gap flux. 

The air gap flux is that required to produce a counter emf equal to the 
applied voltage less the IR drop across the armature. This counter emf is 
directly proportional to the product of the motor speed and air gap flux. 

A relationship is built into the program to calculate the air gap flux 
as a function of the field current using a typical reluctance circuit for 
a dc motor and a typical magnetic saturation curve for electrical grade iron. 

At motor speeds less than the base speed the field current is held at its 
maximum value which is set to give a magnetic flux high enough to slightly 
saturate the iron between the coil slots. At speeds above the base speed 
the field current is reduced and the flux falls along the curve calculated 
for the air gap, leakage flux and the magnetic properties of the iron. 
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Figure 6. Torque-Speed Characteristics of Electric Motors 




Q1 




c 


Am 





Armature 


Q2 = commutating SCR 
'D1 = freewheeling diode 
Q1 = main power switch 

C = capacitor(is charged by external circuit 
not shown) 


Figure 7. Chopper Circuit for DC Motors 


The motor speed is determined from the vehicle speed and driveline 
gear ratios and tire size. Then the flux required for the counter emf 
is found as a first approximation ignoring the (IR) voltage drop across 
the armature. Then the required armature current to produce the desired 
motor torque with the set value of air gap flux is found. Using this 
armature current, an IR voltage drop is calculated to find a new counter 
emf and air gap flux. An iteration procedure converges very rapidly to 
the correct current and flux. 

The identifiable losses used in the analysis are the following: 

I^R loss for the field 
I^R loss for the armature 
Windage losses 
Bearing friction 
Eddy current losses 
Hysteresis losses 

These losses are set initially at percentages of the total losses 
at a design point and the appropriate values of resistances, drag 
coefficients, other loss coefficients are calculated from this point 
to permit subsequent calculation of losses at all other operating points. 
Using the specific rating of the motor at its design point, power and 
efficiencies over a wide range of operating points have been calculated. 
Figure 8 shows characteristics of a dc motor calculated by the 
program listed in Appendix E. Motor efficiency and current are shown as 
functions of motor output power with speed as a parameter. At speeds over 
2200 rpm, field weakening is used to control power output. 


The usual alternative to the dc traction motor is the three-phase ac 
induction motor. Using the squirrel cage construction, this is a rugged 
motor capable of mass production with relatively low cost, light weight 
and high efficiency. Operation of an ac motor from a dc energy source 
such as a battery requires a dc to ac inverter which can be an expensive 
item. Achieving regeneration with an induction motor can be difficult 
with a dc to ac conversion system as it must be a two-way converter 
(i.e. a rectifier as well as an inverter) and it must maintain the ac 
current to sustain the air gap magnetic flux. 

In terms of the air gap magnetic flux the induction motor and separately 
excited dc motor are quite similar and thus the torque/speed characteristics 
are much alike. At speeds below the base speed both motors operate with 
maximum magnetic flux and above the base speed the flux is steadily reduced. 

In the case of the dc motor above its base speed, the field current regulator 
achieved the function. For the induction motor, the inductance of the magnetizing 
circuit is such that varying the voltage to the motor in proportion to the 
frequency when operating below the base speed achieves the desired maximum 
flux. Keeping the voltage constant with respect to frequency when operating 
above the base speed achieves the steady reduction in flux. 

Because the two motor types are magnetically quite similar, the torque 
capacity and weights are potentially the same. The efficiencies are also 
potentially the same. The main differences are power factor, torque angle, 
controllability and operating ease as a generator. 
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Figure 8. Performance Characteristics of DC Motor 


The torque/speed characteristics of the three-phase induction motor are 
calculated in the computer program using the equivalent circuit (ref. 3) shown 
in Figure 9. The circuit is for one leg of a three phase motor. The value 
E] is the voltage across one leg and is equal to the line-to-line voltage for 
a delta connection or to _ 1 _ times the line to line voltage for a wye connection. 

vT” 

The value R-j is the resistance of the stator windings. The value R? is the 
rotor resistance referred to the stator and Ro is an equivalent resistance 
associated with core losses. The values for the inductances and resistances 
are calculated for hypothetical motor using the desired motor characteristics 
at a design point. At this design point, the motor rated power, speed, slip, 
efficiency and power factor are used in conjunction with a hypothetical 
distribution of identifiable losses to permit the calculation of the circle 
diagram (ref. 3) of Figure 10 and all the circuit constants for the equivalent 
circuit. 

The value of the resistance R] is set to give the I 2 R losses of the 
stator at rated power. The value for R 2 is set for the I 2r losses of the 
rotor and the value for R 3 to give the total eddy current and hysteresis 
losses. 

The inductances X] and X 2 are the leakage reactances and combined with 
the magnetizing (transformer) reactance X 3 to satisfy the specified power 
factor. An arbitrary power factor may be specified; however, excessively 
high power factor (say over 88 percent) will give leakage reactances which 
are unrealistically low. With reasonable air gap dimension leakage 
reactances less than four percent of X 3 will be unlikely. 

A very low value of R 2 will result in a motor with low slip and good 
efficiency; however, very low values of R 2 yield motor designs with excessive 
starting current. For an industrial motor operated at a fixed frequency, 
good starting is very important. For an automotive motor operated from a 
variable frequency inverter, good starting torque is much less important 
and the higher efficiency of a low slip motor is very desirable. 

The torque of an induction motor is dependent upon slip and voltage and 
can be found from the values of the equivalent circuit elements as follows: 


s C( R i + r-) 2 + (X 1 + X 2 )2 3 

where K is a constant if saturation of the core is neglected. 

A plot of torque as a function of slip is shown in Figure 11. 

A special subroutine was written to calculate the characteristics of 
three-phase induction motors based on design parameters at rated power and 
speed. The design parameters included slip at rated power, power factor, 
efficiency and the distribution of losses. The characteristics of a typical 
motor calculated by this subroutine is shown in Figure 12. 
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Figure 9. Equivalent Circuit of Induction Motor 




Data for this plot was generated by computer program listed in 
Appendix E. Slip = 4.0% 
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Figure 11. Torque vs. Speed at Various Power Factors 



6.4 Characteristics of Controllers 

The most appropriate controller for a given motor type depends not 
only upon the motor type but also upon the operating conditions for the 
motor. For an advanced propulsion system it seems obvious that regenerative 
braking is necessary. When the motor is operated below its base speed, 
it will not be able to generate a counter emf greater than the battery 
voltage. Effective regeneration will require some means of voltage 
boosting unless the motor speed can be kept above its base speed either 
by using a motor with a low base speed or by continuously shifting gears 
to keep the motor speed high. The continual shifting of gears is awkward 
and is an undesirable way to achieve regeneration. Reducing the base 
speed of the motor may result in an unnecessarily large and heavy motor. 

Voltage boosting can be accomplished with a dc motor by use of a 
suitable chopper controlled voltage booster in the armature circuit. 

Figure 13 shows such a chopper controlled booster. Armature current 
flowing when chopper switch Q2 is closed builds up a flux in the inductance 
of the armature circuit. The decay of this flux when Q2 is turned off 
forces the current to flow to the battery through the diode D2. The 
inductance of the circuit must be high enough to sustain the current 
through D2 and to prevent excessive current through Q2. The amount of 
inductance required depends upon the chopper frequency. The higher the 
frequency the smaller the inductance. The chopper switch Q2 can be a 
SCR for a chopper frequency of 400 Hertz or less. Frequencies over 1 kHz 
will require transistor switches. 

For an electronically commutated dc motor, an electronic switching 
circuit is required. This circuit must switch the polarity of the armature 
coils in phase with the rotor and at a frequency dependent upon the rotor 
speed times the number of poles. The number of armature circuits to be 
switched can be selected to give smooth motor torque and low current 
ripple. Three armature circuits would require a switching circuit similar 
to a three-phase inverter except that the turn-on and turn-off times 
are tied to the rotor shaft position. Increasing the armature circuits 
to more than three would increase the number of semiconductor switches 
required while at the same time decreasing the current carried per switch. 
The choice of how many circuits would depend upon the current ratings 
and costs of transistor switches. 

A simplified commutation circuit for an electronically commutated 
motor with seven armature circuits is shown in Figure 14. In this circuit, 
the switching elements are shown as SCRs. If high chopping frequencies 
for current control and voltage boosting are superimposed upon the switching 
for commutation, the SCRs would probably have to be replaced by transistors. 

For a three-phase induction motor, a dc to three-phase ac inverter is 
required. The output frequency must vary as the motor speeds up or slows 
down in order to maintain a desired amount of slip. The power factor 
of the load can vary substantially so the inverter must be capable of 
driving a highly inductive load. 
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Figure 13. Simplified Chopper Circuit for dc Motor 
with Regeneration Capability 
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Above the base speed of the motor, the inverter output voltage 
is limited by battery voltage. At speeds less than the base speed, the 
voltage should increase linearly with frequency to insure maximum air gap 
flux. A chopper switch for the armature current used with a voltage 
feedback loop can provide voltage control. 

Voltage boost for regeneration can be achieved with difficulty in a 
similar way to that used with a dc motor providing that the current 
required for air gap flux can be maintained and the frequency for a 
desired negative slip can also be maintained. 

The control circuits for the electronically commutated dc motor and the 
three-phase induction motor shown in Figure 15 are very similar 
in terms of the number and types of semiconductor elements used. The 
main difference is the manner of maintaining rotor current and its effect 
on air gap flux and motor control. For the electronically commutated dc 
motor, rotor current is directly controlled to assure air gap flux. A 
separate field excitation control unit is used to maintain and control the 
rotor current. Slip rings may be used or a brushless inductor design may 
be used. For the induction motor the rotor current is produced by 
transformer action due to the ac current in the stator inducing an ac 
voltage in the rotor. The induced rotor voltage goes to zero for zero 
slip or for zero current in the stator. The condition of zero voltage 
at zero current for the induction motor is similar to the condition 
encountered in a series wound dc motor. For the series motor to maintain 
stability as a generator, it is common to use a diverting chopper circuit 
to control the field current independent of the current returned to the 
battery. A similar mode of separating the current for field magnetization 
from that returned to the battery is required when operating the induction 
motor as a generator. One way of viewing the control of the induction 
motor is to consider the out-of-phase current component as the magnetizing 
(or field current) and the in-phase component as the power producing 
current. Then essentially the controller by use of slip control and current 
control endeavors to control both the in-phase and out-of-phase current. 

The total current in the semiconductor elements for a given power is thus 
somewhat higher for an induction motor than for an electronically commutated 
motor as it must handle both the in-phase and the out-of-phase current. 

The computer modeling for the controller characterizes the losses 
in terms of three parameters. There is a fixed loss. A loss associated 
with a fixed voltage drop across the semiconductors and there is a loss 
proportional to the square of the current. The loss factors for these 
parameters are adjusted for the type of controller to be consistent with 
the rating of the semiconductor elements and normalized in terms of input 
current. 

6.5 Characteristics of CVTs 

The use of a CVT to extract energy from a flywheel in a smooth controlled 
manner requires a smooth and continuous variation in the speed ratio of 
the CVT. A variety of CVT types can provide such continuous changes in 
speed ratio, but additional constraints on the CVT for use in an advanced 
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Figure T5. Inverter for 3-phase Induction Motor 


propulsion system are light weight and high efficiency, (refs. 4,5) Hydraulic 
type CVTs appear to have poor efficiencies at light load although they 
can have very acceptable efficiencies at high loads. Conventional 
belt type units appear to have inadequate power capacity, poor life and excessive 
losses (ref. 6). New (refs. 7,8,9) traction type devices seem to hold promise; 
however, much development work will be required to perfect a unit for 
use with a high speed flywheel. If the unit were developed for the high 
speed and low torque at the flywheel shaft it could be fairly small. 

For the preliminary analysis it was assumed that a light-weight 
high-speed traction-type device could be developed. If such a unit were 
developed it would have to have good efficiency in order to also have good 
durability. Traction devices with poor efficiency have excessive 
wear. Good efficiency and good life go hand-in-hand. 

It was assumed that the losses for a traction type CVT could be 
expressed in terms of slippage, windage drag and spin torque. The slippage 
results in a loss of speed so that the output speed is slightly less than 
the theoretical or ideal output speed. The difference in speed is expressed 
as a percent creep and is believed to be a function of transmitted torque 
as shown in Figure 16. 

The actual torque transmitted will be less than the ideal torque 
because of losses due to the nature of the traction geometry. The ideal 
geometry for the traction contact will be pure rolling (ignoring the slip 
mentioned above); however, the actual contact zone in a traction device 
is an area that is enlarged by elastic deformation of the material in 
contact. Within this zone there may be a variation from pure rolling 
which may be termed spinning, and thus the loss is called spin torque. 

An example of high spin torque is a front tire with excessive toe-in. 

A good design is one which minimizes spin torque. Figure 17 shows the 
relationship of torque loss due to spin torque. 

The windage drag used in the analysis is essentially a viscous drag 
torque. This torque loss is a linear function of speed. 

The values of spin torque, creep and viscous drag were chosen to give 
a CVT efficiency similar to values measured by others, (ref. 10) 

6.6 Characteristics of Flywheels 

The flywheel for use in an energy storage unit should be light 
weight, have low losses, low volume and minimum adverse effects upon vehicle 
performance. Recent development in high-specific energy flvwheels (ref. 11) 
using high-strength fiber-composite material indicate that such materials 
have good promise, and moreover indicate that suitable flywheels can be 
developed in the desired time frame, (ref. 12) 

For a given amount of available energy a high-specific strength 
fiber-composite flywheel will be lighter weight and less expensive than 
high-strength steel flywheels, (refs. 13,14) 


IDEAL OUTPUT SPEED 


IDEAL OUTPUT 



INPUT TORQUE 


Figure 16. Velocity Loss Due to Creep 
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Figure 17. Effect of Normal Load on Spinning Torque and Creep Slope (ref. 10) 



The specific energy is proportional to the strength-to-weight ratio 
of the material. Thus, high-strength and low-weight materials can yield 
high-specific strength. The relationship for kinetic energy- to-weight 
ratio is as follows: 


KE 

WT " 


o_ 

P 


where KE = Kinetic Energy 
WT = Weight 

K = Constant; depends upon shape 
a = Stress 
p = Density 

Less obvious but very important is the fact that the fiber-composite 
flywheel has much less angular momentum and is thus safer and has less 
gyroscopic moment than a steel flywheel.* 

The stored energy in a flywheel is given as follows: 

KE = lluj 2 


where I = Moment of inertia 
to = Angular velocity 

Anc! the momentum is given as follows: 

M = la) 

Thus in terms of maximum rated energy the maximum momentum* may be 
expressed as: 

M .. 2(KE) rated 

to 

The total amount of energy required for the flywheel depends upon 
the driving conditions to be satisfied. If the vehicle is to be driven 
over the SAE J227a Schedule D exclusively and always over a level course, 
a minimum amount of energy could be approximated by examining the maximum 
kinetic energy of the vehicle. However, any practical vehicle must be able 
to drive a multitude of courses and operate on upgrades and downgrades. 

A way of analyzing the energy storage requirement is to consider the 
vehicle operating at a point where it has a set value of flywheel energy 
which permits the vehicle to either accelerate or decelerate. The vehicle 
should be able to either go up a grade with some acceleration capability 
or to go down a grade with some regenerative braking capacity. Figure 18 
shows an example of a set point for the flywheel and shows the energy capacity 


*The angular momentum and gyroscopic moment of a fiber composite-flywheel 
is about 25% of that for a steel flywheel of the same energy. 
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Max. Speed = 30,000 rpm 
Min. Speed = 10,000 rpm 
ET = Max. Stored Energy 
EA = Max. Available Ene 



mm 










for braking and for acceleration. The total available energy is approximately 
six times the minimum energy required for the SAE J227a Schedule D. 

For the preliminary analysis, a uniform rate energy loss due to 
aerodynamic drag and bearing friction was assumed. 

6.7 Characteristics of the Drivetrain Components 

The drivetrain components of concern are the final drive gears (axle) 
and the multi-speed transmission. It was assumed that each of these units 
could be characterized by their gear ratios and by certain types of energy 
loss coefficients. Three types of energy losses were used for each unit. 

These losses were expressed as torque losses which were then calculated 
as energy losses by multiplying by rotational speed. The three torque 
losses were as follows: 

a. Constant torque (example: bearing preload) 

b. Loss proportional to applied torque (example! gear friction) 

c. Loss proportional to speed (viscous drag) 

The values of the coefficients for these losses were adjusted to give 
a reasonable loss at rated power, (ref. 6) 

6.8 Performance Comparisons 

The candidate propulsion systems are all compared on the basis of the 
same base weight and payload. Aerodynamic drag and tire rolling resistance 
coefficients are the same for each vehicle. The basic loss coefficients 
for the motors and controllers are also the same for the same type of 
device. The differences in configurations and motor types do lead to 
difference in the propulsion system weight and effective efficiencies. 
Differences in gear ratios are also required. The costs of different 
candidates will inprease as weight and complications increase. The 
likelihood of successful development is different for the various candidates. 

Table 5 lists some of the basic characteristics of the candidate 
propulsion systems. Candidates A1 through A8 have a single drive axle 
and a single traction motor. Candidates B1 through B8 have single drive 
axle and two traction motors. Candidates Cl through C8 have two drive 
axles and two traction motors. Candidates D1 through D4 have a single 
drive axle and a single traction motor. 

Two types of flywheel drive motors are represented. The PM types 
have permanent magnets for field flux and the WF types have separately 
excited wound fields. The WF types use field control and the field can be 
shut off to reduce standby losses associated with eddy currents and hysteresis. 
Two traction motor types are represented in the candidates. The ACT and 
AC2 types are three-phase induction motors specially designed for use in 
electric vehicles. The DC! and DC2 types are separately-excited electronically- 
commutated dc motors specially designed for electric vehicles. The dc 
motors have a lower base speed than the ac motors so the axle gear ratios 
are different as shown in Table 5. 
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The traction motors and motor controller characteristics are summarized 
in Table 6. All motors and controllers were rated for a 240 volt dc system. 

The rated power is in watts. The specific weight is normalized to a base 
speed of 3600 rpm. 

All motors were initially selected to give a total rated power of 
40 kW. The main difference in the motors for the various candidates are 
the base speeds and resultant torque. The slower speed motors would have 
higher torque and greater weight. The motors for candidates without 
transmissions require greater torque to achieve acceptable performance. 

The flywheel generator controller, battery, flywheel, and CVT 
characteristics and transmission factors are summarized in Tables 7 and 8. 

The three main characteristics for the preliminary analysis of the CVT 
for D1 through D4 are the loss factors. The spin torque is taken as four 
percent of rated torque and the creep is set at three percent at maximum 
torque. The viscous drag is set at two percent of rated torque at maximum 
speed. With these values the efficiency at rated torque and speed is 
about 91 percent. 

The calculated performance of the candidates is summarized in Table 9. 

The test weight of the various candidates ranges from a low of 4097 pounds 
for D4 to a high of 4559 for C4. All candidates have adequate power to 
satisfy all the driving requirements. All would meet the range requirement 
of 100 miles if some small adjustment were made in battery weights. The 
range in the repeated SAE J227a Schedule D using 1600 pounds of batteries 
varied from a low of 91.8 miles to a high of 120.3 miles. Part of the 
difference in range is due to differences in energy consumed per mile 
and part is due to greater available energy from the battery as a consequence 
of load leveling the battery to permit greater energy extraction. The 
energy per mile* varied from a low of .55 MJ/km (248 Wh/mile) to a high 
of .68 MJ/km (304 Wh/mile). The range for a steady 72 km/h (45 mph) cruise 
varies from a low pf 191 km (118.7 miles) to a high of 250.5 km (155.7 miles). 
Changing gear ratios and shift points can improve the range at 72 km/h (45 mph) 
but may have an adverse effect upon the performance and upon the range in 
a variable speed driving cycle. 

6.9 Other Factors 

This section is prepared to comply with clauses (2) and (3) of the 
contract requirements which read as follows: 

"The contractor's recommendation shall include supporting 
information that provides: (1) a summary of the physical and 

operating characteristics of the candidate systems (2) an 
appraisal of the advantages of one versus the other and (3) a 
summary of component and system technology advancements required." 


*This is energy from the battery. To obtain wall plug energy, the 
recharger efficiency and battery efficiency must be considered. 
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Table 6. CHARACTERISTICS OF CANDIDATE PROPULSION SYSTEMS 
DRIVE MOTOR FACTORS I 
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Clause (2) above is understood to be a qualitative comparison of the 
28 alternates studied under Clause (1). In order to make a consistent 
comparison, values of "goodness" were assigned to the "qual itities" 
considered significant. These goodness values were multiplied by a 
weighing factor assigned according to the importance placed on the particular 
quality to the overall goodness of the power system. Then for each 
alternate the products were added together to give a number that indicated 
the overall desirability of the alternate. Finally the desirabilities 
were divided into low, medium and high and presented in Table 10. 

The comparison was based on subjective appraisals of goodness and 
importance. The numbers were not used as the basis of comparison but only 
to keep track of the comparison process. For example, if the alternates 
had the same or nearly the same desirability the reasons why they came out 
that way were reexamined and the numbers changed if necessary to agree with 
the overall appraisal. 

The summary of the technology advances required for the various 
alternates requested by Clause (3) of the contract is provided by the 
following discussion. These advances are discussed under the headings of 
the components or parts of the system to which they apply. The comparison 
of the alternates with respect to the extent of such advances required is 
summarized in Table 11. 

With the possible exception of the CVT, none of the alternates require 
breakthroughs on the scale typified by high temperature storage batteries 
for example. The type of advances required are reduction in size, weight, 
cost, and increase in durability. 

Generators and Motors 

The properties of the electrical machines depend basically on physical 
laws and the properties of iron, copper, and magnetic and insulating 
materials. The improvements in these machines that can be expected are in 
their design for higher speeds and higher short time overload capacities. 

Higher speeds will reduce weight but increase eddy current and hysteresis 
losses. Reduction of losses can be accomplished by the use of higher grade 
iron, thinner laminations, and finer subdivision of the conductors. (Refs. 15,16) 
All of these approaches are understood. The extent of their application 
is set by manufacturing cost which can be great! ey reduced by production 
engineering effort. 

Improved insulating materials together with design for forced cooling 
by either air or liquid coolants can greatly increase overload capacity as 
required to obtain the short-time performance expected of passenger cars. 
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TECHNOLOGY ADVANCES 






























































































Controls 


Electrical and many non-electrical systems today take advantage of the 
breakthrough in control technology of the microcomputer. The microcomputer 
is well suited to process and generate the various signals needed for the 
control of an electric vehicle. There also may be simpler approaches to 
the problem like specialized LSI chips. In any case, the only advances 
required are those already available for application to the electric car. 

Step Transmissions 

No basic advances appear to be necessary to multi -» A ,.io transmissions. 
These devices have been perfected for internal combustion-engined cars to 
the point where they are as small and light as necessary for electric 
automobile applications. 

Reduction of losses through better bearings, reduction or elimination 
of oil churning loss, reduction of control power and clutch or brake drag 
should take place through redesign of the present relative lossy 
transmissions and drive systems for electric vehicle application. 

Continuously Variable Transmissions 

These devices have never been successfully applied to automobiles 
on any significant scale. They may very well require an advance in 
traction coefficient or contact fatigue strength beyond the values 
currently being obtained. Transmissions designed following ball bearing 
practice are large, heavy, and expensive. Whether or not they are too 
large, heavy, and expensive is not definite but it is possible that their 
characteristics put them outside the range of practicality for vehicle 
application unless a significant technological advance can be made. 

Power Converters 

Most of the alternates employ semiconductor power converters between 
dc and ac devices. The technology of these converters is so new that 
significant improvements would not be surprising. The power handling 
devices, thyristors, or transistors now available have the capability 
required although increase in the frequency capability of thyristors and 
the current capability of transistors is very desirable. The advances 
which are necessary and can be expected are in simplifying and packaging 
their auxiliary equipment, such as the firing and protective circuitry, 
and in reducing the filtering required. One advance, the development of 
high-power transistors, appears to have already occurred. Of course, prices 
must be reduced drastically but this can be expected to result from production 
for a large competitive market. 

Other Problems 

The foregoing discussion considered the elements which differed between 
the alternates and is summarized in Table 11. In addition there are advances 
necessary or desirable in the elements used in all alternates. 
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The flywheel is probably the most important component from the 
standpoint of development required. Vehicle flywheels (ref. 5), while extremely 
promising, are in an early state of development. Only a few vehicles are 
in operation today with flywheels in their power systems and in many of 
these the flywheel energy-to-weight ratio is too low for passenger road 
vehicles. Laboratory demonstrations (refs. 14,17), however, have shown energy-to- 
weight ratios considerably better than lead-acid batteries. The application 
of these wheels as power boosters for road vehicles has only barely begun, (ref. 11) 

Specifically, durability and accident hazard must be determined for 
a flywheel design having the characteristics postulated for the power 
systems studied. 

Advances are necessary and will certainly occur in the "packaging" and 
interconnection of automotive electrical equipment. The present style is 
set by industrial lift trucks and similar equipment where weight is less 
important and space restraints less demanding than in a passenger car. 

Even in the latest electric vehicles, electric equipment connecting parts 
and equipment layout is more typical of industrial than of passenger 
vehicle practice. 

6.10 Recommended Candidates for Task II 

The candidates recommended for further examination in the design trade- 
off studies were candidates D4, D2, A6, A8 and B5. The two candidates, 

D4 and D2, represented the best two candidates in terms of range, but have 
some obvious developmental problems in that no suitable CVT is currently 
available. 

Candidates A6 and A8 are the most attractive of the non-CVT candidates. 

Their ranges are just slightly less than those for the best multi-motored 
candidates, but their relative simplicity and lighter weight will probably 
make them more cost effective than any of the multi -motored candidates. 

The most attractive of the multi -motored candidates is B5 and it is kept 
for further examination to determine if the expected difference in cost 
effectiveness is born out when the candidates are optimized. 

Recommended Candidates for Task II Studies 


A6 AC Induction Motor With Flywheel /Generator 

A8 DC Brushless Motor With Flywheel /Generator 

B5 Two AC Motors Without Transmission, With Flywheel /Generator 

D2 DC Brushless Motor with Flywheel /CVT 

D4 AC Induction Motor With Flywheel/CVT 
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7. DESIGN TRADE-OFF STUDIES 


The characteristics and design of the five recommended candidates 
were examined in more detail during the design trade-off studies. In 
the preliminary analysis, all candidates had the same total weight of 
batteries and same total installed power. However, during the trade-off 
studies, the design and performance factors for each candidate are 
examined to achieve a more optimum design and various differences in 
weight and power requirement emerge. As the details of the design become 
more specific, the estimates of life-cycle cost become more meaningful. 

The candidates A6, A8, D2, D4 and B5 are shown in more detail in 
Figures 19, 20, 21, 22, and 23. 

7.1 Design Parameters Studied 

Factors affecting driveline efficiency were examined to find ways 
to reduce losses and to determine the improvement in range which could 
result from these improvements. 

Refinements in the estimates of motor weights were made by examining 
the motor designs in more detail. Calculations were made for magnetic 
flux in the air gap to confirm that the required overload torque could be 
achieved. Some modification of the computer subroutines were made to 
reflect the overload capacity of induction motors at breakaway torque. 

Variation in various design parameters for the induction motor was examined 
to determine the potential gain in range which can be achieved by improving 
the power factor of the motor or. by reducing the slip. 

Variations in gear ratios and shift points were examined to determine 
if the optimum operating points had been selected. 

Different schemes for energy management via the use of the flywheel 
were also examined. Battery leveling and peak power shaving was also 
considered. 

The battery weights were adjusted to give very nearly the same range 
for each candidate. 

The losses in the transmission and final drive axle are each characterized 
by three coefficients (Table 12). The first coefficient used in the 
analysis represents the no-load drag torque at low speed. The value of the 
torque is affected by the bearing design and bearing preload. Taper 
roller bearings with high preload will give higher no-load torque than ball 
bearings or spherical bearings of modest preload. By careful design this 
friction can be lowered. 



Figure 19. Candidate A6, AC Motor Drive 










Figure 20. Candidate A8, Electronically Commutated 
DC Motor Drive 













Figure 21. Candidate D2. DC Drive Motor and CVT 
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Figure 22. Candidate D4. AC Drive Motor and CVT 








Figure 23. Candidate B5, Two AC Motors/Direct Drive 
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The second coefficient is for the viscous drag torque. The amount of 
torque associated with this coefficient is proportional to speed. The 
value of the coefficient is dependent upon the geometry of the transmission 
or axle and upon the viscosity of the lubricant. This too can be reduced 
by good design and careful selection of the lubricant. 

The third coefficient is for the gear and bearing friction associated 
with the torque loading. The value of the frictional torque is dependent 
in part on the geometry of the gear train and the unit loading on the bearings. 
The value of torque is also dependent upon the properties of the lubricant. 

Reductions of these coefficients were arbitrarily made to determine the 
potential improvement. The values examined are shown in Table 12. The 
effects on driveline efficiency and power loss are shown in Table 13. The 
improvements in range are shown in Figure 24. 

The power required for the different driving conditions vary somewhat 
for the different candidates because of slight differences in their 
weights and efficiencies. Table 14 summarizes the peak power required 
for various driving conditions for the five candidates. The greatest 
power requirements are for the acceleration from zero to 55 mph in fifteen 
seconds and for braking in the deceleration portion of the SAE J227a 
Schedule D cycle. For both of these periods, the duration of the power 
pulse is short enough that the short-term overload capacity of the motor 
could provide the power, even though the continuous power rating is much 
lower. The power available for the acceleration on the six percent ramp 
can be higher than the continuous power rating of the motor because the 
duration of this six percent ramp acceleration is less than 30 seconds. 

The power required for the steady 89 km/h (55 mph) on a four percent grade 
is used to set the continuous power rating for the motor. Using this 
power as the continuous power rating, the overload factor for the six 
percent ramp acceleration is about 40 percent for the three non-CVT 
candidates and the overload factor for the zero to 89 km/h (55 mph) 
acceleration is about 100 percent. 

The required short-term overload capacity of 100 percent is normal 
for electric motors. Air gap flux calculations and peak current allowances 
show that the motor designs considered for these propulsion systems have 
about 150 percent short-term overload capacity. The subroutine for 
representing the ac motors were modified to assure that the maximum torque 
exceeds 200 percent of rated torque. 


Variations in design parameters for the induction motor will give 
different amounts of overload capacity. A range of different values of 
rated slip and power factors were examined for motors having the same 
rated power, speed and efficiency. The characteristics of these different 
designs are shown in Table 15. For constant efficiency at the design point, 
a low slip motor has low rotor resistance (R2) and higher stator resistance (Rl). 
Permitting the slip to rise by use of higher rotor resistance, requires 
that the stator resistance be lowered to keep the efficiency up. The 
starting torque increases as the rotor resistance increases and permits 
higher slip at the breakaway torque, however, the maximum power does not 
increase. The drop in speed due to increased slip is not offset by increase 
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Table 12. Loss Coefficients Used in Driveline 


FOR POINT # 

I 

II 

III 

IV 

AXLE: 





A o 

.6779 

.4519 

.2260 

.1692 

A, 

.135 X 10" 3 

.09 x 10" 3 

.045 x 10" : 

.3383 x 10’ 4 

A 2 

.02712 

.01808 

.00904 

.89 x 10 -2 

TRANSMISSION: 





T o 

.2260 

.1507 

.0753 

.05637 

T 1 

.451 x 10" 5 

.3 x 10" 5 

.15 x 10" 5 

.1128 x 10" 5 

T 2 , 

.09039 

.0602 

.0301 

.0301 



NO L'OAD TORQUE AT LOW SPEED 
VISCOUS TORQUE COEFFICIENT 
GEAR & BEARING FRICTION 


Nm 

Nm/rpm 

Non-dimensional 
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Table 13. Transaxle Losses 



ROAD POWER 
Watts 

POWER MOTOR 
Watts 

A 

Watts 

DRIVE LINE 
EFFICIENCY 
(Percent) 

ORIGINAL AXLE - 

TRANSMISSION LOSS FACTORS POINT I 

i 


6136 

7869 

l 

1733 

77.9 

21475 

24929 

3454 

86.1 

55251 

61194 

J 

5943 

90.3 

1 

LOSS FACTORS REDUCED BY 1/3 FROM POINT 

\ i 

I 


6136 

7273 

1137 

84.4 

21475 

23752 

2277 

1 

90.4 

55251 ' 

59179 

3928 i 

93.4 

f .1 

LOSS FACTORS REDUCED BY 2/3 FROM POINT 

1 ! 

I ! 


6136 

6697 

t 

561 

91.6 

21475 

22603 

1128 j 

i 95 

55251 

57199 

1948 | 

96.6 

POINT IV LOSS F 

i 

: ACTORS FOR CONCEPT A6, t 

i 

)4. HIGHER SPEED 1 

\C MOTOR SYSTEMS ONLY 

6136 

6614 

478 

) 

92.8 

21475 

22520 

1045 ' 

95.4 

55251 ! 

r 

57112 | 

1861 | 

96.7 
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Table 14. Summary Table of Peak Motor Power Requirements 
For AEVA Concepts A6, A8, B5, D2, and D4 For Various Driving Modes 
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*Power supplied or absorbed through the CVT-Flywheel link 


Table 15. AC Induction Motor Analysis for Various Slips and Power Factors 


r 


<r> 

x 




co 

X 


CM 

X 


CS 


C5 


CO ~ 
Q£ a 


<U CM 

p— QC 

<0 


a 


to 

-t-> 


£ £ 
Q. Q. 
5- 1. 


O CM O 
IfiNOl 
CO 


to 

o> 

c 


s- 

s 

o 

a. 


■o 

cu 

a) 


to 

£ 

3 CU 

E 3 

•r- CD 

X s- 

p 

rd o 

r - 

z: h- 

O 

> 

r— 00 

E 

CD CO 

3 

CM 

£ S- 

cu 

CD 

•r- CU 
X S 

id o 

Z Q- 


ia 


X> Q. >,4-> 

aj oo o i 


rd 

0£ 


TO 

CU 


<U 

CL 

OO 


c o 

<u > 


s- 

o 


td 

QC 


u -a 

•r- ai 
X 4- P 
JO 4- <d 


$- 

s- o 

CU P 
5 O 
O rd 
a. ll. 




LO 


CM 

CO 

to 


o 

CM 

o 


to 


to 

o 


cd 

o 




00 

CO 


CM 

CO 


CM 


CM 


to 


00 


00 

r-. 

to 


Lf) 

CM 


r>* 

c» 


o 

to 

oo 


to 

O') 

CM 


CO 


to 


O 

<D 

o 


CO 

a% 

tc 


*d" 

CO 


CM 

O 

O 

o 

o 

or 

r— 

CM 

CM 

CM 

C\J 

r— 

CM 

• 

• 

• 

* 

* 

• 

CO 

CM 

CO 


to 

LO 

to 

in 


CO 

00 


o 

o 

o 

o 

CD 

O 

CM 

• 

CM 

CM 

• 

CM 

• 

• 

CM 


oo 


to 

r>. 

to 

00 

• 

• 

• 

• 

* 

• 

o 

co 

VO 

CT» 

o> 

Or 








<D 

CM 

o 

CD 

at 

CD 

*d 

to 

CD 

CD 

CD 

to 

r - 

CM 

CM 

CM 


to 

00 

00 

00 

o 

o 

• 

O 

o 

• 

O 



CD 

00 

LO 

«*• 


LO 

C- 

r- 


CO 


00 

co 

00 

ro 

c 

VO 


to 

«d- 

CO 

CO 

CO 

o 

o 

o 

O 

o 

o 


00 r— 


00 


CO 


to 


00 


«d- 

«d- 


4-> 

00 

00 

CO 

LO 

r^. 

CM 

■P 

<D 

o 

CO 


to 

CD 

03 

CM 

in 

in 

LO 

m 

LO 

3: 


to 

in 


in 

CO 



r-s 

r^> 



r*. 


00 


00 


00 


•d - 

00 


o 

00 


00 

00 


cosluo: 


OL 

■p— 

to 




r— CM CO 


64 


in torque as shown in this table. This loss in power is somewhat deceptive 
as the power values are for a constant frequency input to the motor which 
allows the motor to slow down as the slip increases as it would for a 
normally operated ac motor. However, for the electric vehicle the frequency 
is increased as slip increases so that the motor does not actually slow 
down. The main value of the table is the display of resistances and 
reactances associated with different values of slip and power factor. The 
table shows clearly that the ratio of leakage to magnetizing reactance 
must be low to achieve a high power factor and shows that very low rotor 
resistance is required to achieve a low value of slip. 

The different values of slip and power factor were examined for motors 
of the same efficiency at the design point power and speed; however, they 
will have different efficiency at powers and speeds other than that at 
the design point. Consequently, the range and energy consumption per mile 
can be different as shown in Table 16 for Schedule D cycle. The motor 
with lower slip does not give better range because the reduction in I 2 R 
losses in the rotor is more than offset by an increase in I 2 R losses of the 
stator. Increasing the power factor increases the range and decreases 
the energy consumption. Unfortunately it will be very difficult to achieve 
a power factor much higher than 88 percent. 


Table 16. 

SAE J227a 

Schedule Cycle Range 

Obtained for 

Motors 



Listed 

in Table 15 




Power 



Energy 


Slip 

Factor 


Range 

Consumption 

to 

% 

km 

(Miles) 

Wh/mi 

MJ/km 

1 

84 

168.98 

(105.00) 

222.68 

.498 

2 

84 

170.04 

(105.66) 

221.60 

.495 

3 

84 

171.05 

(106.29) 

220.59 

.493 

4 

84 

172.01 

(106.88) 

219.65 

.491 

4 

80 

169.25 

(105.17) 

222.50 

.498 

4 

88 

174.66 

(108.53) 

216.94 

.485 


Increasing the battery weight increases the vehicle range by increasing 
the on-board energy storage, but does so at the expense of greater vehicle 
weight. The vehicle weight increases by more than the increase in battery 
weight because the vehicle structural weight must be increased to carry the 
additional battery weight. This increase in vehicle weight causes an 
increase in energy consumption. The additional battery and structural weight 
will also cause an increase in initial cost of the propulsion system. The 
effects of battery weight on vehicle weight and range is shown in Table 17. 
The desired range is 161 km (100 miles) so the battery weight should be 
adjusted to give this range. Figure 25 shows the range as a function of 
lead-acid battery weight and Table 18 summarizes the vehicle weights and 
energy consumption with the battery weights adjusted to give a range of 
161 km (100 miles). 
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Figure 25. Battery Weight vs. ft 
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Table 18. Battery Weight vs. Range 
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249 (550) 211 (465) 1285 (2834) 165. (102.53) .458 (204.96) 

249 (550) 197 (435) 1240 (2733) . 176.40 (109.61) .430 (192.32) 


7.2 Control Modes 

The controls for power flow are summarized in Table 19 . The ac 
motor frequency is controlled in a manner to give a desired amount of slip. 

The controller thus needs a motor speed signal so that motor-rotational 
frequency can be compared to the controller output frequency. The voltage 
is increased linearly with frequency until the maximum voltage allowed 
by the battery occurs. The maximum voltage should be reached as the motor 
reaches its base speed. 

In addition to controlling motor power and flywheel power, the motor 
speed is set within prescribed limits by shifting the gears in the multi- 
speed transmission. A range of gear ratios were examined as were a range 
of shift points to assure that the shift points selected match the 
motor efficiency curve. The differences in range resulting from differences 
in gear ratios are shown in Table 20. The variation in range is trivial 
indicating that the selected ratio is very close to an optimum value. 

The change in shift procedure shown in Table 21 produced a range improvement 
by making the up-shift point to top gear dependent upon torque requirement. 

For a full power acceleration, the up-shift point is delayed. This change 
permits the zero to 55 mph full -power acceleration to stay in second gear 
while allowing the 45 mph cruise portion of the Schedule D to be in top 
gear. An extra four to five percent range appears possible by such 
up-shifts. 

7.3 Energy Management 

The use of a high-power flywheel energy storage device can provide a 
substantial increase in range and performance for an electric vehicle if the energy 
to and from the flywheel is properly managed. Good management (ref. 18) of 
available energy can have a beneficial effect on battery life and can increase the 
amount of energy that can be extracted from the battery. There are several 
reasons why more energy can be extracted. One reason is that the total 
energy output capafcity of the battery is greater if the battery power is 
low. Batteries can be designed for higher power or for greater energy 
but not always for both high power and high energy simultaneously. The 
use of a flywheel in a way that reduces the battery power level increases 
the extractable energy, (ref. IS) The battery power level can be reduced by 
leveling the battery current drain or by eliminating some of its peak power 
periods. 

Another reason why more energy can be extracted is that a criteria 
for judging the discharge of a battery is the inability of the vehicle 
to meet minimum acceleration requirements. The flywheel car provide the 
extra boost of power for acceleration even though the battery is nearly 
discharged and not capable by itself to provide the needed power. This 
extra boost in power can compensate in part for battery degradation with 
aging or adverse temperature conditions. 

The effective use of the flywheel is obtained when it is used to reduce 
peak current drain from the battery and to provide additional power for 
acceleration. Channeling all of the battery energy through the flywheel would 
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Table 19. Control Modes 
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Table 20. Range vs. Various Transmission Ratios 
for SAE J227a Schedule D 
Concept A6 


* 


High 

Transmission Ratios 
Sec. 

Low Gear 

Range 

(Miles! 

1 

1.58 

4.04 

96.369 

1 

1 .64 

3.96 

96.877 

1 

1.70 

3.90 

96.969 

1 

1.74 

3.86 

97.080 

1 

1 .80 

3.80 

97.170 


1 


1.86 


3.74 


97.083 


Table 21. Shift Point Evaluation 
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not be an efficient way to utilize it unless it has very high 
in-and-out efficiency. The flywheel can add a parasitic load to the propulsion 
system in terms of its energy losses as well as adding an extra weight 
burden to the vehicle. Through proper utilization and sizing the advantages 
of power boosting and effective battery current reduction, the flywheel 
add benefits which more than offset its parasitic load. To be effective 
the it must be sized and used to minimize its energy losses and to 
maximize its use in recovery of braking energy, in reduction of effective 
battery power and in boosting vehicle performance. 

Clearly, the vehicle usage has an impact upon the ability of 
the flywheel to be effectively used. A vehicle used mostly at steady 
cruise conditions has little opportunity to use the flywheel for acceleration 
or braking, However, a vehicle used in service involving a great deal of 
stop and go driving would use the buffer most often.* 

To minimize the energy loss associated with the in-and-out 
efficiency of the flywheel the exchange of energy should be made under the 
most favorable conditions, i.e., those conditions where the best efficiency 
occurs if a choice is possible. Clearly, the need to meet acceleration 
and braking needs presents little choice. For both acceleration and 
deceleration a division of power from the battery and flywheel is possible. 
For recharging the flywheel from the battery, some choice of rate of recharge 
and timing of the recharge is possible. 

Several schemes have been examined for the distribution of power for 
acceleration and deceleration. One scheme is to use the flywheel to supply 
power in proportion to the acceleration rate and absorb power in proportion 
to the deceleration rate. Another is to prejudge the power level over 
some driving cycle and set the battery power to satisfy the average needs 
and force the flywheel to del iver the time dependent deficiency or accept 
the excess. This is easy to accomplish in theory but is hard to do in 
practice. Still, another scheme is to set positive and negative limits on 
the battery current and have the flywheel provide the current in excess of 
the positive limit or accept negative current beyond the negative limit. 

A variety of flywheel recharge schemes are possible, but a recharge at the 
rate for the greatest efficiency is desired. A measure of the flywheel 
state of discharge is required for use by the recharge controller. 

Figures 26, 27, and 28 illustrate the power and current in the 
Schedule D driving cycle for these three energy distribution schemes for 
candidate A8. Tables 22 and 23 show the range and energy consumption for 
candidates A8, D2, A6 and D4. 

For the SAP J227a driving mode, setting battery current limits gives 
the greatest range and least energy consumption. For different driving 
modes, like acceleration from zero to 55 mph or the Federal Urban Driving 


*For example, the range improvement via use of a flywheel would be greater 
for the SAE J227A Schedule C than for the Schedule D because there are 
more stops and starts per mile for the Schedule C. 
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Figure 26. Concept A8. Flywheel /Battery Current-Acceleration Dependent 











BATTERY CURRENT 



Figure 28- Concept A8. Preset Maximum Positive & Negative Current Limit 






Table 22. Energy Management Scheme Evaluation 



Flywheel speeds indicate that recharge schemes function satisfactorily. 


Table 23. Energy Management Scheme Evaluation 



Flywheel speeds indicate that recharge schemes function satisfactorily. 


Cycle (FUDC), varying the flywheel generator and battery current according 
to acceleration, gave the best overall results and this scheme was used 
in all further work of this study. 

7.4 Performance Comparisons 

After the candidate systems were optimized for best gear ratios, shift 
points, motor overload capabilities and energy management schemes, the 
battery weights were adjusted to give a uniform range in the Schedule D. 
cycle. All of the candidates meet the driving performance requirements. 

The weights and energy consumptions are summarized in Table 24. The two 
motor concept B5 has the greatest battery weight as well as the greatest 
total weight and energy consumption. 

The CVT candidates require less battery weight and use less energy 
in the D cycle than do the A6 and A8 candidates. However, the CVT 
candidates have lower range for steady 45 mph driving. 

The energy consumption per mile shown in the table is the battery 
energy rather than wall plug energy. Dividing by the battery and charger 
efficiencies brings the wall plug energy consumption to a value in excess 
of the goal of 559 kJ/km (250 Wh/mile). 

For a charger efficiency of 85 percent and the given lead-acid, battery 
efficiency of 60 percent, the wall plug energy consumption of the best 
candidate D4 increases from .466 MJ/km (208.3 Wh/mi ) to ,914MJ/km (408 Wh/mi ) . 

7.5 Cost Comparison 

The life cycle cost for the five candidates are summarized in Table 25. 
(Cost was generated following cost estimating guidelines listed in Appendix D.) 
The B5 candidate is the least attractive although all five candidates meet 
the goal of a life cycle cost less than $. 05/km ($. 08/mile). The other 
four candidates are very close in cost. The energy costs of the CVT 
candidates are less than those for A6 and A8, however, the higher 
maintenance cost more than offset the energy savings. Lower acquisition 
costs are projected for the CVT candidates which compensate for the 
slightly higher operating cost compared to A6 and A8. 

7.6 Candidates Recommended for Conceptual Design 

All candidates in Table 24 appear to be capable of meeting range, 
performance and cost objectives. The candidates using CVT concepts D2 
and D4 did not meet the constant 72.4 km/h (45 mph) range requirement of 
209 km (130 miles) but this can be solved by adding approximately 20 kg 
(45 lbs) of lead-acid batteries. However, none appear to meet the wall 
plug energy consumption goal of 250 Wh/mile unless very efficient batteries 
and recharge units are used. All have some developmental risk which must 
be more fully studied. 
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Table 24. Candidate Weight/Performance Comparison 



STEADY 45 MPH 226(140.6) 225(139.6) 207(128.6) 204(126.7) 203(126. 


Table 25. Candidates - Propulsion System Cost Comparison 


Candidates A6 

AC 

Acquisition Cost 3460 

Annualized Acquisition 
Cost 346 

Discounted Annual Cost 
@ 2 % Discount Rate 

Electricity 129.3 

Repair & Maintenance 100.3 

Battery Replacement 99.8 

Power Train Salvage -3.8 

Battery Salvage -25.3 

Discounted Annual Operating 
Cost 300.3 

Present Value of 
Cycle Cost/year 646.3 

Present Value of Life 
Cycle Cost/mi ' .065 


All figures are in 1976 dollars. 


A8 

B5 

D2 

D4 

DC 

AC 

DC 

AC 

3491 

4207 

3307 

3287 

349.1 

420.7 

339.7 

328.7 


132.9 

149.1 

127.1 

125.7 

100.3 

86.2 

116.1 

116.1 

101 .8 

115.2 

94.6 

93.3 

CO 

CO 

I 

1 

-P* 

"''-J 

-3.6 

1 

CO 

CT> 

-25.8 

-29.2 

-24.1 

-23.7 

305.4 

316.6 

310.1 

307.8 

654.5 

737.3 

640.8 

636.5 

065 

.074 

.064 

.064 
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In selecting candidates for conceptual designs, it seems appropriate 
that systems with minimized development risks should be preferred. Since 
the performance differences and life cycle cost difference among A6, A8, 

D2 and D4 are not great, other factors such as the balancing of developmental 
risks and the keeping of options open lead to the recommended 
candidates, A6 and D2. 

The flywheel /generator of A6 provides a special source and sink for 
the reactive kVA of the three-phase ac induction motor and may simplify 
the development of the dc to ac inverter controller capable of regeneration 
over a wide- speed range. 

The D2 candidate with its dc motor and its stable field excitation 
removes an element of developmental risk which partly offsets the higher 
risk associate with the development of a suitable CVT. 

Recommended Candidates for Task III Studies 


A6 AC Induction Motor With Flywheel /Generator Unit 

D2 Electronically Commutated DC Motor With Flywheel/CVT 
Unit 


8 . 


CONCEPTUAL DESIGN 


In the design trade-off studies two advanced propulsion candidates 
were selected for conceptual design. Layout drawings of components were 
prepared. Design details for the inverter and control circuit were 
examined to confirm the ratings of semiconductor components. Sizes and 
types of CVTs were examined for their suitability. 

Safety factors and component layout constraints force several modi- 
fications of the configurations and sizes of components emerging from the 
design trade-off studies. Most significant of these changes are the selec- 
tion of a battery voltage of 96 volts, the use of transistorized choppers 
and inverters, and the reduction in the size and energy storage of the fly- 
wheel from 6.84 MJ (1900 Wh) to 2.44 MJ (678 Wh.) 

Appendix I and II list the specifications of the two conceptual designs. 
8.1 System Voltage and Semiconductor Types 

During the preliminary analysis and design trade-off studies a sys- 
tem voltage of 240 volts dc was considered with SCRs being used for 
switching in the inverters and choppers. This voltage is higher than 
commonly used in electric vehicles, but seemed reasonable for an advanced 
concept which would require a high battery weight to achieve the desired 
range of 161 km. The higher voltage would allow a lower current for a 
given power, and this lower current would give lower losses in the semi- 
conductor switches. The lower current would also allow smaller wiring 
for motor connections. Switching with SCRs is compatible with the 
higher voltage and was believed to be more efficient and less expensive 
than switching with transistors, (refs. 20,21) However, as the designs 
evolved the practical limitations of SCRs became apparent, (ref. 22). 

The postulated advantages of high voltage had to be compared with 
the known disadvantages. Numerous battery manufacturers were contacted 
regarding the practicality of higher voltages, and all were discour- 
aging (ref. 23). 

An increase in battery voltage would require an increase in the number 
of cells. As presently manufactured the cell sizes would not be decreased 
enough to provide an efficient utilization of space and weight. A 50-amp 
hour cell uses the same mechanical accommodation as a 75-amp hour cell. A 
large number of small cells would require more maintenance than a small 
number of large cells, (ref. 24) The reliability of the small cells may also 
be less than that for the large cells. It is believed that the attempt to 
increase lift truck voltages from 36 volts to 72 volts was unacceptable 
because there was a higher cost for servicing the additional cells. 
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Higher voltages increase the danger of fire and electrocution. 

There is a danger of leakage current on the outside of the cells and 
across the trays. Good housekeeping and cleanliness can reduce the danger 
but at an increase in maintenance cost. It is common practice in car 
systems to group the cells in separate trays and to avoid having more than 
24 volts between adjacent batteries. In spite of these practices sudden 
fires are still a problem. 

High voltage dc is much more hazardous than high voltage ac.(refs. 25,26) 

A dc voltage will sustain an arc at a level where an ac voltage will not. The 
danger of electrocution from dc is much greater than from ac because a 
person cannot let loose from the dc source. Of course, protection from the 
hazards are possible as high voltage dc is used for light rail and trolley 
bus transportation systems. However, the special means for protection will 
add to the cost and may not always be effective, (ref. 27) The use of lower 
voltage will not completely solve the safety problems, but will make the 
solutions easier and less expensive. 

The potential gain due to use of higher voltage is an improvement in 
controller efficiency and a reduction in controller cost by lowering the 
current rating of the semiconductor switches. However, analysis of a 
nominal 100 volt dc system shows that reasonably high efficiency at an 
acceptable cost is obtainable. 

Trading off potential safety hazards, maintenance cost and efficiency 
gains, it appeared that a nominal 100 volt dc system should be designed. 
Considering six-volt batteries at 75 pounds each, a system with 1200 
pounds of batteries has 16 such batteries and a total of 96 volts. The 
conceptual designs were based on 96 Vdc. 

Examination of inverter and chopper circuits and frequency requirements 
for the high speed motors, made it apparent that device shut-off times 
would be a very serious problem with SCRs Pulse width modulation and 
high frequency chopping would simply not be possible with SCRs 

Of course, low frequency systems compatible with SCRs could be con- 
sidered but the size and weights of components for a low frequency system 
are unattractive. A chopping or modulating frequency of about four kHz 
appear to be desirable. Much lower frequencies would require large reactors 
to keep the ripple current low. (ref. 28) Much higher frequencies would require 
special magnetic materials to minimize eddy current losses. The limita- 
lions of power diode turn-off times will prevent use of very high frequencies. 

Transistorized choppers and inverters are used for the conceptual 
* sign rather than SCRs The projected controller efficiency of 96 
,-ercent should be attainable in the near future. 

In mass production power transistors would be matched closely to the 
ti action motor voltage and amperage, providing highest efficiency at 
reduced cost. It also should be possible to integrate traction motor and 
the power section of the controller in one unit just as it is done in today's 
car alternator reducing the cost and size even further. 
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8.2 Description of Concept A6 

This propulsion system uses a three-phase ac induction motor for 
propulsion power. The drive is through a three-sDeed transmission and 
final drive gear combined in a transaxle. The arrangement is for a 

front-wheel drive which allows effective regenerative braking for most 

normal braking situations. Conventional four-wheel hydraulic brakes are 
used when more rapid braking is required. 

The electrical power supplied to the drive motor comes from the 
battery and from a flywheel /generator energy unit with the division of 
power from these two sources controlled in such a way as to limit the current 
to and from the battery. The electrical energy from these two sources is 
delivered at 96 volts dc to a three-phase inverter which gives a three- 
phase ac output of the desired voltage and frequency to drive the induction 

motor or to provide braking by forcing the induction motor to operate as 

a generator to return energy to the flywheel or battery. 

The principal characteristics of this design are summarized in Table 
26. More complete specifications and drawings are given in Appendix A. 

The layout of the components are shown in Figure 29. 


More complete details of the vehicle configuration and components 
are shown in the following drawings (located in Appendix A): 


DRAWING NUMBER 


DRAWING 


8 . 2.1 


131D051 

FI ywheel 

131 D052 

Homopolar Inductor Generator 

131D053 

Flywheel --Dc Generator 

131D054 

Stator-Rotor Ac Traction Motor 

131D055 

Motor-Transaxle Assembly 

131D057 

General Arrangement 

131F056 

Schematic--Concept A6 (included as 
Figure 33) 

Current Waveforms 

and Harmonic Losses 


Because of its high cost and complexity the dc to ac controller for the 
ac induction motor of the A6 concept has been of major concern. The con- 
troller consists primarily of a dc to ac inverter with a variable fre- 
quency and voltage output. The output frequency is controlled to give a 
desired amount of slip for the induction motor. The desired positive 
slip is proportional to the driver-controlled position of the accelerator 
pedal and desired negative slip is determined by the driver via the position 
of the brake pedal. For a constant air gap flux, the torque of the induction 
motor is approximately proportional to the slip. The output voltage of the 
motor controller is maintained approximately proportional to the frequency 
in order to produce the desired air gap flux in the motor. The output 
waveform of the inverter and the means of controlling frequency and 
voltage have been studied. 
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Table 26. General Propulsion System Specification 

Design Concept A6 


Curb weight 
Battery weight 

Propulsion system weight less battery 

Traction Motor 

3-phase ac induction 
Rated power 
Base speed 
Efficiency 
Power factor 
Weight 

Rated Voltage 

Fiber Composite Flywheel 

Total stored energy 
Maximum speed 
Total weight 

Flywheel Motor/Generator 

Brushless DC 

Peak power 
Base speed 
Maximum speed 
Efficiency 
Weight 

Transaxle 3-speed 

Weight 

Controllers - variable voltage and frequency 

Rated power 
Weight 

Battery/Lead-Acid 

Specific energy 
Specific power 
Efficiency 

Propulsion System Performance 

Range for steady 45 mph cruise 
Range for SAE J227a Schedule D 
Acceleration - 10 to 55 mph 


1400 kg (3218 lbs) 
556 kg (1226 lbs) 
178 kg (392 lbs) 


26 kW 


7200 rpm 
91% 

.84 

41 kg (90 lbs) 
75 Vac 


2.44 MJ(678 Wh) 
46300 rpm 
16 kg (35.3 lbs) 


45 kW 
23158 rpm 

46300 rpm 

87 % 

20 kg (43.3 lbs) 


49 kg (109 lbs) 


63.5 kVA 
52 kg (114 lbs) 


40 Wh/kg (18 Wh/lb) 
100 W/kg (45 W/lb) 
60% 


225 km (140 miles) 
161 km (100 miles) 
15 -sec 
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The output voltage waveform will not be a pure sinusoidal wave but 
will be more nearly a rectangular pulse wave as shown in Figure 30. 

This wave will contain harmonics which presumably could cause undesirable 
energy losses and torque fluctuations. To determine the effects of 
harmonic content on energy losses, the rectangular pulse was resolved 
into its Fourier series components which were then used as input voltage 
for the motor's equivalent circuit. 

In the three-phase motor, the harmonics which are multiples of three 
will produce no current, so these may be ignored. Those odd harmonics which 
have a harmonic number that is one less than a multiple of three will 
produce a negative slip due to a reverse rotation of magnetic field and 
those with a harmonic number one greater than a multiple of three will 
give positive slip and forward rotation of magnetic field. To solve for 
the current and losses in the equivalent circuit of Figure 31, the values 
of slip and reactances which are frequency dependent must also be solved. 

For the higher harmonics, the reactances increase substantially and cause 
a significant reduction in the current components. 

Table 27 shows the harmonic amplitudes for unity height rectangular 
pulses of various pulse widths. The magnitude of the fundamental increases 
as the pulse width increases. The amplitude of the third, ninth and other 
harmonics of multiples of three are shown although they produce no current 
in the three-phase circuit. The fifth harmonic can be set to zero by 
use of a pulse of 72° or 144°, however, a pulse width greater than 120° is 
difficult to accommodate in a three-phase circuit. 

For a delta-connected, three-phase motor with a 240 volt* rectangular 
pulse, the leg voltages for the fundamental and various harmonics are shown 
in Table 28 for pulses of various widths. The motor current components 
associated with the voltage harmonics have been computed using the equiva- 
lent circuit for a wide range, of load conditions. The value of the funda- 
mental current component varies with loading condition, but the current 
components associated with the harmonic are practically independent of 
load because the effective impedance of the motor at the high frequencies 
of the harmonics is nearly independent of motor torque, is highly reactive, 
and increases almost linearly with frequency. The current values are shown 
in the table for the maximum load condition. The table shows that the 
current components drop off very rapidly as the harmonic number increases. 

The power losses associated with the various harmonics are shown in 
Table 29. The losses for the fundamental are quite large because the motor 
is at its maximum torque. These losses will decrease as the motor power 
decreases because the efficiency increases at lighter load. 

The losses associated with the harmonics remain independent of load. 

The summation of all the losses due to harmonics are very small for all 
pulse widths. 


*The 240 volt was convenient to use initially. The system voltage was sub- 
sequently reduced to 96 volt but this does not change any of the basic con- 
clusions as all quantities scale directly with power and kVA held constant. 
Tfv<? motor losses are independent of design voltage. 
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Figure 30. Voltage Waveform From Inverter 
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Figure 31. Equivalent Circuit of Induction Motor 
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Table 28- Leg Voltage and Current Associated With Harmonics of Pulsed Wave at Maximum Torque 
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Table 29. Losses Per Leg Associated With Harmonics of Pulsed Wave at Maximum Torque 



LO 

o 

o 

o 

o 

CO 


00 


o 

H 

CM 


o 

LO 

O 

LO 

cr> 

tH 

r-H 

CD 

CO 

o 

CM 

o 

G 

lo 

r-» 

o 

r-> 

ro 

LO 

cm 

CO 

o 

o 

1 — 1 

r-H 

LO 


o 

• 

• 


• 

• 

• 

• 

• 

• 

» 

• 

f—i CO 

H 

o 

*3* 

CM 








CO 



LO 


o 

o 

o 

o 


o 

CD 

CD 

o 




O r-H 

«=3* 

o 

o 

CO 

r*H 

LO 

CO 

CO 


O 

00 

r-H 


O CM 

r-H 


CO 

cn 

r-H 

*3* 

oo 

r-H 

rH 

rH 

CD 

rH 

cn 

CM r-H 

CD 


• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

OJ 

r-H CO 

00 


o 

r-H 

rH 







CM 




CO 

r*H 









LO 


C 

L0 

QJ 

L0 

r— 

o_ 

CD 


o 

O 

O 

CM 

o 

o 

LO 

o 

l"-» 

LO 


0) 

4-> 

o o 

CM 

O 

oo 

CM 

«=i* 

rH 

CM 

CM 

o 

LO 

LO 

CM 

L0 

r0 

O CO 


CD 

CO 

OO 

r-> 

CO 

CM 

' — 1 

rH 

O 

o 

D- 

10 

o 

“O 

c 

(0 

L0 

O) 

L0 

LO 

o 

CD O 
CM 

CD 

LO 

CM 

LO 

rH 








co 




O 

O 

o 

rH 

LO 

o 

CO 

o 

CO 

00 


o o 

r-H 

o 


LO 


LO 

rH 

LO 

LO 

CO 

CM 

i — 1 

o -=1- 


LO 


LQ 

co 

rH 

rH 

O 

o 

o 

o 


LO O 

CD 

• 

• 

• 

• 

• 

• 

• 

• 

♦ 

• 

* 

r-H 

CM 

CM 

CO 











OO D-* CD CO LO CD • — I 

r-H rH «-H CM CM CM OO 


Homonic Loss 


The values of the current components in Table 29 are used in con- 
junction with the power factors of Table 28 and the signs of the Fourier 
coefficients in Table 27 to generate a resultant current waveform. This 
waveform is obtained by simply adding up the harmonic components. By 
superimposing the current waveform upon the on/off diagram for the 
semiconductors in the simplified inverter circuit of Figure 32 the current 
has been resolved into paths through the diodes and switching units 
(shown as NPN transistors) and a suitable summation of these currents 
gave the current to or from the battery. 

The average and RMS value of current through the diodes and tran- 
sistors was found by integrating the waveforms for each unit. The 
average current from the battery agrees with that calculated on the 
simple basis of electrical power to the motor. The average current through 
the diodes agrees closely with h.iat calculated simply on the basis of the 
reactance kVA of the motor being handled by the diodes and the average 
current in the transistors on the basis of the resultant kVA of the motor. 
Improving the power factor of the motor reduces the average current in 
the semiconductors. 

The waveforms for the current from the battery showed a very large 
ripple at six times the electrical frequency of the motor. This ripple 
could have a very undesirable effect upon the battery. A large commuta- 
ting capacitor will be necessary to protect the battery from the high 
frequency ac current components and to protect the transistors from high 
voltage spikes. 


8.2.2 Control Circuits 


The control circuit diagram is shown in Figure 33 with more detail 
on Drawing 131F056. 

t 

8. 2. 2.1 Slip Controller 


The motor slip is calculated, with the use of a standard divider and 
a difference amplifier, from the following equation: 



The synchronous frequency (n ) is proportional to the control voltage of a 
Voltage to Frequency Converter (V.C.O.) The rotor frequency (n) is deter- 
mined by the rotor tachometer. The slip is controlled with feedback tech- 
niques around an operational amplifier. The slip figure is fed back to 
the inverting junction while the output controls the V.C.O. Since the out- 
put frequency of the V.C.O. is the synchronous frequency, any signal on the 
noninverting input of the op amp represents a slip command. The slip will 
therefore be regulated to a level proportional to this signal. 
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Figure 32. Simplified Inverter Circuit 
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Figure 33. A6 Control Circuit Diagram 
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The applied motor voltage varies linearly with frequency to the point 
of magnetic saturation. This is accomplished through the use of Pulse 
Width Modulation (P.W.M.). The Pulse Width is directly proportional to 
the synchronous frequency voltage until it reaches the saturation point. 

8. 2. 2. 2 Traction Motor Three-Phase Generator 

The three-phase generator develops the control signals for the 
six power transistors that drive the traction motor. The signal sequence 
is periodic and its frequency is equal to the V.C.O. output frequency. The 
P.W.M. signal is imposed on one half of the transistors to provide voltage 
control. A unique feature is that the system also monitors the line 
voltage to ensure that any twc common devices will not turn on simultaneously 
This allows the conduction angle of the generator to approach a maximum of 
120 °. 


8.2.2. 3 Gear Shift Controller 

The gear shift controller performs two functions. It determines when 
to shift and into which gear. It also controls the shifting sequence. 

The shifting sequence is a function of a six-position counter. The normal 
mode is position zero at which the slip controller maintains command. 

A shift command increments the counter to position one which sets the 
slip to zero, and then increments the counter to position two. Position 
two maintains the ?lip at zero, provides a 400 msec pulse to disengage 
the gears, and then increments the counter to position three. Position 
three commands the slip controller to synchronize the drive gear with 
the selected gear. After synchronizing, the counter is incremented to 
position four. Position four provides a 400 msec pulse to engage the 
selected gear and then increment the counter to position five. Position 
five resets the counter to position zero and relinquishes command to the 
Slip Controller. 

The incident' of shifting and the intended gear are determined by 
the output level of a function between velocity and torque. As the 
difference between the signal representing rotor velocity and a signal 
derived from the slip cross two set points a shift pulse is generated. 

The output level relative to the two shift points can be decoded to determine 
the gear involved. A shifting sequence along with changing gears must 
also offset the slip to maintain an even torque at the wheels. The slip 
scale factor is also modified to match each gear. This allows the 
mechanical range of the accelerator to remain constant independent of the 
gear involved. 

8. 2. 2. 4 Rotor, Vehicle, and Flywheel Tachometer 

Voltages proportional to the speed of the rotor, vehicle, and flywheel 
are developed using three integrated circuit tachometers. 


8. 2. 2. 5 Flywheel Mode Control 

Current shunts are used to determine direction and magnitude of 
current to the flywheel and traction motor/ generators . The signals 
proportional to the currents are then decoded to determine the mode of 
operation of the flywheel motor/generator. Three modes of operation exist. 
The first case is when the current to or from the traction motor/generator 
is between two specific points. In this mode the battery will supply 
the majority of the current while the flywheel is speed-regulated to 
maintain a nominal velocity. The second case is when current into the 
traction motor exceeds the upper set point. In this mode the flywheel 
motor/generator acts as a generator and the excess current to the traction 
motor comes from the flywheel. The final case is when current from the 
traction motor exceeds the lower limit. In this mode the flywheel 
motor/ generator acts as a motor and accepts all excess current from the 
traction generator. 

8. 2. 2. 6 Flywheel Controller 

The flywheel motor/generator is controlled through Pulse Width 
Regulation of the field. • An integrated circuit P.W.M. is used at four 
kHz to drive the field chopping transistor. The modulator input can be 
a signal proportional to the current of either the traction or flywheel 
motor/generator, or it could be the flywheel tachometer output. 

Independent of the mode of operation, the field is reduced to produce 
motor action and increased to produce generator action. 

8. 2. 2. 7 Flywheel Three-Phase Generator 

The three-phase generator develops the applied armature voltage 
required to operate the flywheel motor/generator as a motor. As with 
the Traction Motor Three-Phase Generator, the developed signal is a 
periodic three-phase square wave. The frequency of this signal is 
directly proportional to the rotor speed. The input clock is developed 
from a position wheel that is attached to the rotor. The generator also 
monitors line voltage to ensure that two common devices do not turn on 
simultaneously. 

The ratio of power from the battery -and from the flywheel is. controlled 
by the voltage of the generator. Raising the generator voltage slightly 
above the battery voltage forces more current from the flywheel and less 
from the battery. Lowering the voltage during regeneration diverts more 
current to the flywheel and less to the battery. 

8. 2. 2. 8 Flywheel Motor/Generator Position Sensor 

The position sensor is formed from a number of optical sensors 
that sense slots in the position wheel. As the slot passes by the sensor, 
a digital pulse is generated. The pulses are then combined to form the 
clock for the flywheel three-phase generator. The output of one of the 
sensors also serves to input the flywheel tachometer. 
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8. 2. 2. 9 Power Supply 

The plus and minus 15 volts are derived from two integrated circuit 
pulse width regulators. The chopping frequency is ten kHz. 

8.2.2.10 Drive Electronics 


The drive electronics consists of NPN Darlington transistors and 
diodes for the flywheel and generation modes. The transistors that are 
referenced to ground are driven directly through current amplifiers while 
the transistors that are referenced to the positive bus are driven from 
optical -isolators through current amplifiers. The optical-isolators are 
referenced to a voltage that is 15 volts below the positive bus. This 
voltage is developed through an integrated-circuit chopping regulator. 


8.3 Description of Concept D2 


Table 30 summarizes the characteristics of conceptual design D2. 
Appendix B lists the specifications in more detail. 


The conceptual design of components and their layout within the vehicle 
configuration are shown in the following drawings (included in Appendix B): 


Drawing Number 


Title 


131D081 

131D082 

131D084 

131D085 

131D086 


Flywheel with Magnetic Coupling 
3-speed Transaxle 
DC Traction Motor 
CVT 

General Arrangement 


This propulsion system shown in Figure 34 uses an electronically 
commutated dc motor with a separately excited field for propulsion during 
cruise and other light loads and uses power augmentation from a flywheel 
via a CVT for acceleration, braking and other high power requirements. 

The general flow of power is shown in Figure 35. The power from the flywheel 
is shown flowing through a magnetic coupling which acts to limit the torque 
and to permit de-coupling to reduce run-down losses. The power out of 
the magnetic coupl ing flows through a CVT to the drive motor with the 
CVT used to provide a speed match and to control the flywheel torque. 

The CVT controls the power flow to and from the flywheel. The power 
from the flywheel can flow directly through the motor shaft to the transaxle 
to drive the vehicle. The power from the flywheel normally augments the 
electrical power produced by the motor due to current flow from the battery; 
however, the energy from the flywheel can be returned to the battery when 
the drive motor is in the generating mode. During regenerative braking, 
power flows from the drive wheels back into the flywheel via the CVT; 
however, part of the power can flow back into the battery. 
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Table 30. GENERAL PROPULSION SYSTEM DESCRIPTION 


DESIGN CONCEPT D2 


Curb weight 1474 kg (3250 lbs) 
Battery weight 544 kg (1199 lbs) 
Propulsion system weight without battery 205 kg (452 lbs) 


Traction Motor 

Electronically commutated brushless dc 

Rated power 

Base speed 

Maximum speed 

Efficiency 

Voltage 

Weight 


26 kW 
5400 rpm 
7800 rpm 
90.4% 

96 Vdc 

43 kg (95 lbs) 


Fiber-Composite Flywheel 


Total stored energy 
Maximum speed 
Total weight 

2.44 MJ (678 Wh) 
46300 rpm 

10. kg (35.3 lbs) 

CVT 

Planetary cone type 
Maximum power 

Maximum/minimum speed input 
Full load efficiency 
Weight 

34 kW 

46300/15400 rpm 
94% 

71 kg (157 lbs) 

Magnetic Coupling 
Maximum power 
Base speed 
Weight 

36 kW 
23200 rpm 

9 kg (20 lbs) 

Transaxle - 3-Speed 
Weight 

50 kg (109 lbs) 

Controller 

9-phase chopper 
Rated power 
Weight 

29 kW 

16 kg (34.8 lbs) 

Battery - Lead-Acid 
Specific energy 
Specific power 
Efficiency 

40 Wh/kg (18 Wh/lb) 
100 W/kg (45 W/lb) 
60% 


Propulsion System Performance 

Range for steady 45 mph cruise 
Range for SAE J227a Schedule D 
Acceleration 0 to 55 mph 


223.7 km (139 mi) 
160.9 km (100 mi) 
15 sec 
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Figure 34. Concept D2 
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The main power flow is to and from the drive wheels for propulsion 
and braking. This power flow is shared by the battery and flywheel with 
the battery normally supplying steady cruise power and the flywheel 
providing extra power for acceleration and braking. A secondary power 
path is for the flow of power between the flywheel and battery. This 
secondary path is primarily used for energy management to prevent the 
flywheel from over charging on a long downgrade or from running down from 
a succession of accelerations. 

The power flow to and from the flywheel is controlled by the CVT, 
by changing the speed ratio to force the flywheel to slow down and give 
up part of its kinetic energy or to speed up to accept energy. The flow 
of power from the motor is controlled either by field current control or 
armature current control depending upon the speed of the motor. Above 
the base speed of the motor, field current is used to provide variable 
counter emf of the motor. Below the base speed, armature current control 
is used to provide variable torque for the motor. 

The total power to the drive wheels is essentially the sum of the 
power from the drive motor and from the flywheel so the power flow from 
both units must be coordinated to give the total power flow to satisfy 
the driver input request. The driver input is mainly from the accelerator 
pedal or brake pedal and from each what the driver requests is essentially 
a positive or negative torque. For the flywheel to provide a specific 
torque output requires a specific rate of change of flywheel speed. _ This 
can be forced by a specific rate of change of CVT ratio. To maintain a 
continuous torque requires a continuous change in ratio. The actuator 
that forces this change in ratio is controlled in response to a torque 
signal generated from the measured slip in the magnetic coupling. 

The motor torque is essentially proportional to the product of the 
armature current and the field flux. At speeds below the base speed, 
the field flux is constant so control of armature current provides control of 
motor torque. Above the base speed, the field is weakened to give lower 
counter emf to cause an increase in armature current. Torque control in 
this region can be obtained by control of field current if the armature 
and field current product is monitored. 

The armature current flows through an electronic commutation unit 
which also provides chopper control of armature current below the motor 
base speed. This unit uses a motor shafc position sensor to control the 
timing for the turn-on and turn-off of the semiconductor switches. 

The motor armature has nine separate coil circuits each of which 
I;; switched electronically. The timing for the circuits switching is 
.liown in electrical degrees in Figure 36. The duration of each pulse is 
about 120° electrical and the phase lag is 40°. At any one. time, three 
current paths are active. A possible circuit is shown in Figure 37. 

During the time that transistors 1, 2 and 3 are on, transistors 5, 6, 7 
and 8 are on with 8 turning on as five turns off. 
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The circuit shows 18 NPN transistors which would be parallel to 18 
diodes (not shown) which could carry the current back to the battery in 
the generating mode of operation and which would act as freewheel diodes 
during chopper operation. 

A simplified circuit showing the operation of the commutation unit 
during drive and generation modes is shown in Figure 38. This simplified 
circuit shows coils 1 and 5 with the other seven coils left off for 
clarity. Positive current for coil 1 flows through Q1 or Dla and negative 
current through Qla or D1 . Below the base speed, motor power is controlled 
by chopping the armature current. As shown, Q1 and Q5 act as choppers 
with Dla and D5a acting as freewheel diodes. When Q1 is chopping the 
current for 'coil 1 the current path back to the battery is through either 
Q5a, Q4a, Q6a or Q7a depending upon the shaft position and when Q5 is 
chopping the return is via Q2a, Qla, Q9a or Q8a. 

During the generator mode of operation when the speed is less than 
the base speed, there is inadequate voltage for recharging the battery, 
and the commutation unit must also act as a chopper controlled voltage 
booster. Current to recharge the battery flows through D1 and D5. During 
the portion of the motor cycle when D1 provides the recharge path, Qla 
acts as a booster chopper. While D5 provides the recharge path, Q5a acts 
as a booster chopper. 

A variety of signals are needed for consol of the commutation unit. 

The motor shaft position determines the timing for gross switching of 
the semiconductors. The motor speed and positive or negative power 
requirements determine the chopper on-off ratios. 

The number of semiconductor switches required for the electronically 
commutated motor circuit is 18 or nine times that requires for a conventional 
chopper used with a mechanically commutated motor; however, three sets of 
switches simultaneously carry current so that the current ratings of 
the semiconductors are lower by about one third than those for a conventional 
chopper. 

8.4 Flywheel Size and Energy Rating 

The flywheel examined during the preliminary analysis and design 
trade-off studies had a total kinetic energy of 6.84 MJ (1900 Wh) to 
continually provide a 2.52 MJ (700 Wh) energy reserve for braking or 
acceleration. For a 1642 kg (3620 pound) vehicle test weight, the charge 
in kinetic energy corresponds to the vehicle's potential energy change due 
to an elevation change of 152 m (500 feet). This is not an unusual elevation 
change in a hilly area, but could represent an unusual energy change for 
level terrain. For the vehicle operated mostly on level terrain, an 
excessively large flywheel is an undesired burden. Consequently, it was 
decided that the maximum energy change could be set to that required for 
the Federal Urban Driving Cycle (FUDC). Examining the A6 concept over the 
"D" cycle and FUDC showed a maximum energy swing of .412 MJ (114.34 Wh) for 
the "D" cycle and .749 MJ (208 Wh) for the FUDC. An energy swing of .9 MJ 
(250 Wh) was selected as a new design criteria for the energy buffer. 


108 


A 


D5 


D5A 





Drive Mode 


Q1 Chopper 
D1A FWD 


Q5 Chopper 
D5A FWD 


Q5A Chopper 
D5 return path 


Q1A Chopper 
D1 return path 


Figure 38. Electronically Commutated Motor Switches 
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Generator mode 
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Figure 39 shows the energy swing on either side of the operating point and 
shows that the total kinetic energy at the maximum flywheel speed is 
2.44 MJ (678 Wh). This results in a smaller flywheel than initially 
considered based on the hilly terrain of the San Francisco Bay Area. The 
smaller flywheel spins at higher speed and allows the generator used with 
the flywheel to be smaller and of lighter weight. The smaller flywheel 
is easier to accommodate in the available vehicle space and has a lower 
gyroscopic moment. 

The flywheel /generator unit is shown in Figure 40. The combined weight 
is 35.6 kg (78.6 pounds) for the stored energy of 2.44 MJ (678 Wh) and 
power level of 48.5 kW. 

8.5 CVT Types 

Several types of CVTs were examined. It seemed desirable to have the 
input shaft for the CVT operated at flywheel speed. No CVTs are available 
which can accept a 46,000 rpm input. A new design of a traction-type CVT 
seems possible and desirable. The high speed of the input shaft would 
allow low torque. The high speed/low torque combination seems like an 
ideal combination for a traction-type device. The Nasvytis type speed (ref. 7) 
reducer appears to work well in the high speed/low torque region. The 
alternative appears to be the development of a high-speed CVT or the use of 
a first-stage speed reducer such as the Nasvytis type device to bring 
the speed and torque to a value that can be accommodated by CVT designed 
for the more conventional speed domains. 

In any case, it appears necessary to provide a means of decoupling 
the flywheel from the CVT and for providing a limit to the torque transmitted 
to prevent damage to the CVT if excessive overloads were to occur. An 
electro-magnetic coupling using the limited slip induction design rather 
than a synchronous design is simpler to control and can satisfy the 
requirements for limiting the maximum torque through control of field 
excitation current. The design can also provide a hermetic vacuum barrier 
for the flywheel housing. 

If the high-speed type CVT is to be developed, it would have to have 
high efficiency and be light weight to be acceptable. Several types of 
designs were considered. A planetary ball and cone design appeared to have 
inadequate torque and was rejected. Multi pi e-tapered cones with adequate 
crown to reduce "spin torque" and viscous drag appear to hold some promise. 

Layout drawings using hypothetical CVTs of the high-speed and conventional 
speed types were prepared. It appears that adequate space is available 
for either type if they can be developed to give acceptable efficiency and 
life. 

8.6 Vehicle Performance 

The vehicle weights, range and energy consumption are summarized in 
Table 31. 
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Figure 39. Flywheel Stored Energy vs. Flywheel Speed 



Figure 40. Flywheel /Generator Unit 






•Table 31, Candidate Weight/Performance Comparison 


Candidates 


Weights, kg (lbs) 


A6 


D2 

cle Curb Weight 

1460 

(3218) 

1474 

(3250) 

Battery Weight 

556 

(1226) 

544 

(1199) 

Axle 

27 

( 59) 

27 

( 59) 

Transmission 

23 

( 50) 

23 

( 50) 

Motor 

41 

( 90) 

43 

( 95) 

Controller 

52 

( 115) 

16 

( 35) 

Flywheel 

16 

( 35) • 

16 

( 35) 

Generator 

19 

( 43) 


-- 

CVT 


— 

81 

( 178) 

Propulsion System Weight 

178 

( 392) 

205 

( 452) 

Energy Per Mile, MJ/km (Wh/mi) 




"D" Cycle 





From Battery 

.472 

( 212) 

.469 

( 210) 

From Wall plug 

.79 

( 353) 

.783 

( 350 ) 

Steady 45 mph 

.37 

( 165) 

.365 

( 163) 

Range, km (mile) 





"D" Cycle 

161 

( 100) 

161 

( loo) 

Steady 45 mph 

228 

( 142) 

224 

( 139) 
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From the table it can be seen that the vehicle curb weights and the 
battery weights are within one percent of each other. The weights of the 
propulsion systems on the other hand show a fifteen percent or 60 pound 
difference in weight. This difference is mainly due to the greater weight 
of the CVT, 80.5 kg (177.5 lbs) versus 38.2 kg (84.3 lbs) weight of the 
generator/controller combination. Because of the better (anticipated) 
efficiency of the CVT, the energy consumption over the SAE J227a Schedule D 
driving cycle is less for Concept D2 than for A6, and only 544 kg (1199 lbs) 
of batteries are needed partly offsetting the higher propulsion system 
weight. 

Both concepts meet all range and acceleration goals but both concepts 
failed to meet the Wh/mile wall plug energy consumption goal with lead-acid 
batteries. To meet the 250 Wh/mile wall plug energy consumption goal 
with lead-acid batteries, range has to be sacrificed or the efficiencies 
of the propulsion system components pushed close to 100 percent. 

With nickel-zinc batteries, it is possible to meet both range and 
energy consumption goals. However, the higher life cycle cost of a 

nickel -zinc battery system more than offset the gain in energy consumption. 

8.7 Propulsion System Cost Comparison 

The life cycle cost of the conceptual designs are summarized in 
Table 32. 

Guidelines for life cycle cost calculations were provided by NASA 
Lewis Research Center and appear in Appendix D. In addition to the life 
cycle cost guil delines, the following specific information regarding battery 
cost and lifewere provided by NASA Lewis and are listed in Table 4. 

The number of miles attainable per 80 percent discharge is 80 miles 
with battery weight adjusted to give a range of 100 miles per full discharge. 

For the specific number of 80-percent discharges (Table 4), this results 

in a 6.4 year life for lead-acid and a four year life for nickel-zinc batteries. 

Today's prices (1979) were converted into 1976 dollars by using an 
average eight percent inflation rate. 

On critical high technology units where no mass production cost 
factors are available, cost was estimated based on Task III Conceptual Designs 
and drawings. The critical units are: 

Flywheel 

Homopolar Inductor 

Continuously Variable Transmission (CVT) 

Electronic Controllers 

On items where existing technology can be applied current prices or 
unit prices were used. These current prices were then subsequently 
reduced to 1976 dollars. 

More detailed information on operating/life cycle cost appears in Tables 
D1 to D9 in Appendix D. 
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Table 32. Propulsion Systems - Cost Comparison 



A6 

D2 

Battery Acquisition Cost 

1301 

1273 

Propulsion System Acquisition Cost 
(with battery) 

3175 

.3123 

Annualized Acquisition Cost 

317.5 

312.3 

Discounted Annual Cost @ 2 % 
Discounted Rate 



Electricity 

126.6 

125.4 

Repair & Maintenance 

61 .5 

102.8 

Battery Replacement 

99.8 

97.7 

Power Train 

-3.7 

-3.6 

Battery Salvage 

-26.6 

-26.0 

Discounted Annual Operating Cost 

257.6 

296. 

Present Value of Life Cycle Cost/yr 

575.0 

608.0 

Present Value of Life Cycle Cost/ 
km (Cost/mi) 

.036( .058) 

CO 

CO 

o 
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9. DISCUSSION OF RESULTS 


The preliminary analysis of 28 candidate propulsion systems and the 
subsequent design analysis of the five most promising concepts show clearly 
that a relatively large amount of on-board energy storage such as batteries 
is required to provide the desired range and that a power booster element 
such as a flywheel is desirable to provide peak performance especially 
as the batteries near their discharge point. The analysis also shows the 
desirability of efficient regenerative braking capable of handling brief 
periods of very high power. The effects of returning braking energy 
directly to the battery at high power levels is not known wif*- „ertainty. (Ref. 18) 
It is possible that brief high power "shocks" could have a beneficial 
effect on battery life and output, (Ref. 29) but it is likely that a 
greater efficiency of energy recovery can be achieved by returning the 
braking energy to a power booster such as a flywheel. (Ref. 30, 31) 

There are two significant reasons for favoring the return of braking 
energy to a flywheel rather than to the battery. One is that the charge- 
discharge efficiency of the battery is estimated to be as low as sixty percent 
for lead-acid and seventy percent for Ni-Zn. The other is that it is 
much more efficient to deliver braking energy directly to the flywheel 
than indirectly to it by way of the battery as additional power conversion 
steps are required. 

The study also shows that high-speed, light-weight motors are beneficial 
even though they will require multi-speed transmissions to provide the 
increased torque required at the drive wheels at low vehicle speed. The 
multi-speed transmission appears to provide an efficient and cost-effective 
means of producing- high torque at the drive wheels. The alternative is to 
use a direct drive with a larger and more expensive propulsion motor. The 
alternative is technically less attractive in terms of cost, weight and 
efficiency, but may be more attractive in the market place. The absence of 
shift points and possible "jerk" could be an important selling point, but 
a difficult one to evaluate. 

The trade-offs between dc drive motors and ac drive motors were 
studied. The main drawback of present dc motors is their mechanical 
commutation. The brushes have friction and wear problems as well as a 
voltage drop. At high speed, commutation problems such as sparking at 
the brushes and flashover limit the output of a given size armature. A 
brushless dc motor could eliminate these problems of the commutator, but 
replace it with the problems of an electronic commutation circuit and makes 
this type dc motor similar in cost and complexity to the ac motor for 
vehicle propulsion. Both dc and ac type motors have similar weights, 
efficiencies and cost. 
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The electronically-commutated dc motor is essentially a synchronous 
motor with an inverter triggered by a shaft position sensor, which locks 
the inverter frequency and phase to the motor speed and shaft position. 

By forcing the frequency and phase to follow the motor rather than vice-versa, 
the synchronous motor then possesses all the characteristics of a separately- 
excited dc motor. The fact that the field current for this type dc motor 
can be separately controlled provides it with a significant advantage over 
the induction motor especially for its operation as a generator during 
regeneration. 

The electronically-commutated dc motor always maintains a good phase 
relationship between the applied voltage waveform and the generated counter 
emf; whereas, the induction motor will sometimes operate at a very poor 
power factor with substantial mismatch of the applied voltage waveform 
and the generated counter emf. Consequently, over much of the operating 
range the peak-to-average current ratio for the semiconductor devices for . 
the inverter for the induction motor will be higher than those for the 
electronically-commutated dc motor. In the final analysis the suitability 
of the electronic conversion and control units will be the deciding factor. 

The added cost of the features required to insure regeneration with an 
induction motor could wipe out any cost savings due to the squirrel cage 
rotor. 

Initially, it was thought that the current controllers and 
inverters should use SCRs rather than transistors for switching. For a 
given power rating an SCR controller costs less than one using transistors; 
however, the turn-off times for SCRs are too long to permit the desired 
switching rates. (Ref. 28) Chopper frequencies of about four kHz appear to be ideal. 
Much lower freouencies will require excessively large reactors to filter 
out undesirable current ripple. Much higher frequencies would require 
reactors with special core materials to prevent excessive eddy current 
losses. Such reactors would be bulky or costly. Presently available 
transistors should be considered for the^design initially, but as more 
efficient types such as field effect devices (Ref. 32) become available these 
should be substituted. Better and cheaper transistors are vitally important to 
the development of electric vehicles. 

Initially, it was thought that systems using higher voltage would be 
more attractive than those using lower voltage, because the former would 
have lower current for a given power. However, other factors such as 
safety, battery reliability and maintenance indicate very high voltages 
are not necessarily desirable. A higher voltage would require a larger 
number of small cells with a corresponding increase in maintenance. Higher 
dc voltages increase the danger of electrical arcs and increase the shock 
hazards. The risks of arc and electrocution go up rapidly as the voltage 
is increased above 100 volts dc. It is true that the use of higher voltages 
would reduce the required current rating of the semiconductors and thus 
reduce their cost; however, the cost savings would not compensate for the 
increased safety hazards and decrease in battery reliability. Moreover, 
the power losses in semiconductors operating in a 96 volt dc system can be 
acceptably low. 

Several items are crucial to the design concepts. These are the 
following: 
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1. High-speed flywheel subsystems 

2. High-speed homopolar inductor/generator and inverter/controller 
system 

3. High-speed, light-weight, three-phase induction motor and 
inverter/controller 

4. High-speed, light-weight, electronically-commutated, separately- 
excited dc motor including electronics. 

5. High-speed CVT suitable for use with a flywheel energy input and 
suitable ratio-controller unit 

Of these, the item of greatest developmental risk appears to be the 
CVT. The flywheel development may at first appear to be equally risky; 
however, the risk involves only how much energy can be stored for a given 
weight. That a flywheel can store energy and that adequate power can 
be generated is not in doubt. The questions are how much power, energy, 
weight and cost. In contrast, the questions for the CVT is whether it can 
be done with an^ reasonable life, weight or cost. Will a continuously 
variable traction device operating at high speed have adequate torque and • 
efficiency? Will the churning losses and slippage be excessive? Without 
tests and experimentation these questions can not be answered. 

If they were developed, their service and maintenance costs are 
expected to be higher than those for the electrical conversion system. 

The extra cost of service and maintenance could offset any potential gain 
for the CVT-based propulsion systems; however, the projected overall 
efficiency for the propulsion systems using the CVTs are higher than those 
with the flywheel/generator systems. Considering the potential advantages, 
it is too early to positively conclude that the service and maintenance 
costs would completely offset the energy savings. It should be recognized 
that such a development program may not succeed in providing a unit at an 
acceptable cost. 

Some work is presently underway on subsystems using various flywheel 
designs and much lower energy levels. The work should be expanded to cover 
a wider range of energy and flywheel designs. 

A variety of types of power boosters to provide peak power performance 
are possible. It appears that a flywheel-type booster is the most attractive 
type. Using a fiber-composite flywheel, such a unit can have very high 
specific power and specific energy without an excessive gyroscopic moment. 

When used with a generator for converting its kinetic energy to electrical 
energy, high conversion efficiencies can be obtained and the power flow to 
and from the flywheel can be easily controlled. The developmental risks for 
such a system are not excessive. 

The optimum stored energy in the flywheel is dependent upon terrain 
as well as the velocity profile of the driving cycles. A vehicle operated 
on hill.y terrain could benefit from a larger flywheel energy storage than one 
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operated on level terrain. On level roads, the ability to absorb or release 
about 250 Wh of kinetic energy will suffice for most anticipated driving 
conditions without danger of flywheel rundown or overspeed. This requires 
a total energy swing of 500 Wh. 

Flywheels used in cars should be safe, inexpensive and have high 
specific energy (MJ/kg (W-hr/lb)). Several flywheel designs like 
shaped steel disk and multi-ring fiber composite have been investigated. 

As can be seen from published reports (ref. 19) the flywheel specific 
energy of fiber composites is 1.6 - 4 times higher than for shaped steel 
disk designs. In order to store the same amount of energy in a shaped 
steel disk, the shaped steel disk flywheel would weigh more than twice 
as much as a fiber composite flywheel. The greatest penalty lies in 
the heavier containment structure (approximately five times) needed for 
steel flywheels to give adequate protection. 

The maximum wall plug energy for SAE J227a Schedule D (.559(250) MJ/km 
(Wh/mi)) requirement, with a given battery efficiency of sixty percent 
(lead-acid) and an assumed charger efficiency of 85 percent is .285 (127.5) 
MJ/km (Wh/mi) with vehicle/battery characteristics as listed in Tables 
2 and 3. For a propulsion system efficiency as high as 86 percent, the 
wall plug energy consumption was computed 65 percent higher than the target 
of .559 (250) MJ/km (Wh/mi). With lead-acid batteries, it would be very 
difficult to fulfill this requirement. With nickel-zinc batteries, 
being lighter and more efficient, the wall plug energy requirement can be 
met. 
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10. CONCLUSIONS 


The preliminary analysis, design trade-off study and conceptual 
design lead to several general conclusions about the nature of an advanced 
propulsion system designed for a range of 100 miles of repeated SAE J227a 
Schedule "D" cycles. 

1. There is no identifiable single "best" design to achieve the 
desired range anc' performance objectives, but rather a multitude of designs 
are possible. 

2. If ISOA lead/acid batteries with a specific energy of 40 Wh/kg 
are used, a total battery weight of approximately 1200 pounds will be 
required, However, if nickel/zinc (Ni/Zn) batteries with a specific 

energy of 80 Wh/kg were used only 490 pounds would be required. Unfortunately 
the nickel/zinc batteries have shorter life and are much more expensive 
than the lead/acid batteries. 

3. The cost of the initial supply of batteries would be about 22 
percent higher for Ni/Zn and their replacement costs over the life, of the 
vehicle are nearly double that for lead/acid. 

4. The addition of a multi -speed transmission is worthwhile 
because in today's technology a suitable transmission would be light 
weight and reasonably inexpensive compared to the weight and cost increase 
associated with the increase in motor size required for direct drive. 

5. Two general types of traction motors appear attractive for an 
advanced propul sion system in terms of their efficiency, specific power 
and potential for mass production. These are the multi-phase induction 
motors with squirrel cage rotors and the multi -phase synchronous motors of 
various designs, including the claw-power or Lundel design, the homopolar 
inductor design and the more conventional designs using either cylindrical 
or salient pole rotors with slip rings and brushes.. 

6. High-efficiency controllers capable of regenerative operation 
will be required, The waveforms needed for efficient inverter./rectifier 
operation will require pulse-width modulation with switching speeds in 
excess of that practical now with SCRs. High-power transistors with low 
losses such as the field effect devices now being developed appear to be 
necessary. 

7. The study of candidates using CVTs to mechanically convert 
flywheel kinetic energy into vehicle propulsion, indicate that such units 
are potentially practical although they are probably heavier than the 
electrical conversion system. Much development work is required before 
suitable CVTs can be made available for this purpose. 


121 


11. RECOMMENDATIONS 


The program has identified and examined a variety of attractive 
concepts for advanced propulsion systems which appear capable of significant 
performance improvements with little or no cost penalty, but do have some 
developmental risks. The field has been narrowed down to the most attractive 
concepts which we recommend for further design and developmental efforts. ' 

1. The least developmental risk with high benefits is the A6 concept. 
It is recommended that a functional model of the propulsion system be 
designed, built and tested to verify the projected characteristics. 

2. A detailed design for the concept A6 flywheel /generator subsystem 
and its electronics should bo pursued in conjunction with developments in 
fiber-composite flywheels, bearings and vacuum vessels. 

3. Tests and experimentation should be undertaken in an effort to 
develop a suitable CVT, and to confirm its probable cost and maintenance 
requirements . 

4. The development of high-power transistors to operate in the 
vicinity of 100 volts dc should be encouraged^ 

5. Concurrent with the design of the functional model of the A6 
propulsion system, there should be ongoing work on the development of an 
electronical ly-commutated, separately-excited dc motor suitable for 
vehicular propulsion. This effort should concentrate on a high-speed 
motor of 26 kW continuous power to operate with a 96 volt dc input. 


123 






WW.-sr- 


T 




12. REFERENCES 


1. 1979 SAE Handbook, Part 2, Section 27.07. 

2. Straughn, A. and Dewan, S. B., "Power Semiconductor Circuits," John 
Wiley & Sons, 1 975. 

3. Robertson and Black, "Electric Circuits and Machines," D. Van Nostrand 
Company, Second Edition, 1957. 

4. Clerk, R. C., "An Ultra-Wide-Range High-Efficiency Hydraulic Pump/ 

Motor Power Transmission," (1 977 Flywheel Technology Symposium Proceedings, 
October, 1977, cosponsored by DOE, NTIS # C0NF-77 1053, UC-94b,96.) 

5. Frank, A. A., et al , "FI ywheel -CVT Systems for Automotive and Transit 
Propulsion Systems." (1977 Flywheel Technology Symposium Proceedings, 

October, 1977, cosponsored by DOE, NTIS # C0NF-77 1053, UC094b,96). 

6. "State of the Art Assessment of Electric and Hybrid Vehicles," Dif- 
ferentials, Transmissions, pp 157-164, January, 1978, DOE Ref. HCP/ 

Ml 011-01 . 

7. Loewenthal , S. H., Anderson, and Nasvytis, A. L., "Performance of a 
Nasvytis Multiroller Traction Drive," NASA Technical Paper 1378, 

AVRADCOM Technical Report 78-37. 

8. "Van Doorne Steel Belt Transmission," Machine Design, June, 1976. 

9. Hughson, D., et al , "Continuously Variable Vehicle Transmission," Dec., 1 977, 
Final Technical Report, COO-2674-16, U. S. DOE Contract No. E4-76-C- 
02-2674. 

10. Hewko, L. 0., Rounds, F. G., Jr., and Scot, R. L., "Tractive Capacity 
and Efficiency of Rolling Contacts." Rolling Contact Phenomena, J. B. 

Bidwell , ed., Elsevier Publ . Co., 1962, pp. 157-185. 

11. Raynard, Arthur E., "Advanced Flywheel Energy Storage Unit for a High- 
Power Energy Source For Vehicular Use," Proceedings of the 1978 Mechanical 
and Magnetic Energy Storage Contractors Review Meeting, DOE No. C0MF-78 1046. 

12. Rabenhorst, David W., "Composite Flywheel Development Program: Final 

Report," APL/JHV SD0-4616A, April, NSF Grant No. AER 75-20607. 

13. Younger, F. C., et al , 'Conceptual Design of a Flywheel Energy Storage 
System," Sandia Report No. Sand 79-7088. 


14. Togwood, D. A., "An Advanced Vehicular Flywheel System for the ERDA 

Electric Powered Passenger Vehicle," 1977 Flywheel Technology Symposium 

PpopppH i nn<; . 



15. Lightband, D. A. and Bicknel 1 , D.A. , "The Direct Current Traction Motor," 
London Business Books, Limited, 1970. 

16. "Electrical Steel Saves Energy," Machine Design, September, 1977. 

17. Satchwell, D. L., "High Energy Density Flywheel," Proceeding of the 
1978 Mechanical and Magnetic Energy Storage Contractors Review Meeting. 

18. Lawrence Livermore Laboratory, "The Battery Flywheel Hybrid Electric 
Power System for Near-Term Applications," Volume 1, System Description, 
April 15, 1 976. 

19. Behrin, E., et al , "Energy Storage Systems for Automotive Propulsion," 
1978 Study, UCRL-52553, Volumes 1 and 2, December, 1978. 

20. Agarwal , P. D., "The GM High-Performance Induction Motor Drive System," 
IEEE Transactions on Power Apparatus and Systems, February, 1969. 

21. Gosden, D., "An Experimental Electric Car Using an Induction Motor 
Drive," Electrical Engineering Transactions, the Institution of Engi- 
neers, Australia, 1976. 

22. Pollack, J.J., "Advanced Pulse Width Modulated Inverter Techniques*" 

IEEE Transactions on Industry Application, April, 1972. 

23. Private Communications with Battery Manufacturers Representatives: 

Mr. Hopewell, Eagle Picher Mr. D. Sangria, Trojan 

Mr. Hartmann, Gould Mr. J. Heiser, H.P.S. 

Mr. C. Steeber, Varta Mr. T. Galisano, Chloride 

Dr. Seiger, Yardney 

24. Salomon, K., "Peripheric Equipment for Reducing Maintenance of Elec- 
tric Vehicle Lead-Acid Batteries," Fourth International Symposium on 
Automotive Propulsion Systems, Volume IV, Session 8 to 10. 

25. Daiziel, Charles F., "Electric Shock Hazard," IEEE Spectrum, February, 

1 972. 

26. Day, J. 0., et al , "A Projection of the Effects of Electric Vehicles on 
Highway Accident Statistics," SAE Paper 780158, SAE Congress and Expo- 
sition, Detroit, Michigan. 

27. Kleronomous, C. C., and Chitwell , E. C., "Determining Dynamic Impedance 
in a Grounding Conductor," 1979, IEE Industrial and Commercial Power 
Systems Conference Record. 

28. Brusagl ino, G., "Fiat Electric City Car Protype," Fourth International 
Symposium on Automotive Propulsion Systems, Volume IV, Section 8 and 10. 


126 


29. Vinal, W. G., "Storage Batteries," p 337, John Wiley & Sons, Inc., 

Fourth Edition, 1 955. 

30. Davis, D. D., et al , "Determination of the Effectiveness and Feasibility 
of Regenerative Breaking Systems on Electric and Other Automobiles," 
Volume 2, Design Study and Analysis, October, 1977, p 86, UCRL-52306. 

31. Kasama, Rygji, et al , "The Efficiency Improvement of Electric 
Vehicles by Regenerative Braking," SAE Paper 780291, 1978, SAE Congress 
and Exposition, Detroit, Michigan. 

32. Slater, N., "Power Semiconductors," EET Special Report, pp 39-51, August, 
1 979. 

33. "Electric and Hybrid Vehicle Performance and Design Goal Determination 
Study, Final Report," General Research Corporation, August, 1977. 

34. Frank, H. A. and Phillips, A. M., "Evaluation of Battery Models for 
Prediction of Electric Vehicle Range," JPL Publication 77-29, August, 

1 977. 


APPENDICES 

APPENDIX A - ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM, DESIGN CONCEPT: A6 
APPENDIX B - ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM, DESIGN CONCEPT: D2 
APPENDIX C - MODELS FOR PROPULSION SYSTEM COMPONENTS 
APPENDIX D - GUIDELINES AND BACK-UP INFORMATION FOR COST CALCULATIONS 
APPENDIX E - COMPUTER FLOW CHART AND PROGRAM 


PRECEDING Ti‘- r 


vlt . r i<L NOT FILMED 



PRECEDING FACE RMNK NOT FILMED 


APPENDIX A 

ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM 


DESIGN CONCEPT: A6 

GENERAL DESCRIPTION: 

Flywheel buffered electric propulsion system using an ac induction 
motor as a traction motor and a flywheel coupled to an electrical 
generator to provide a power boost to augment the battery power for 
acceleration and regenerative braking. 
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General Propulsion System Specification 
Design Concept A6 


Curb weight 
Battery weight 

Propulsion system weight less battery 

Traction Motor 

3-phase ac induction 
Rated power 
Base speed 
Efficiency 
Power factor 
Weight 

Rated Voltage 

Fiber Composite Flywheel 

Total stored energy 
Maximum speed 
Total weight 

Flywheel Motor/Generator 

Brushless DC 
Peak power 
Base speed 
Maximum speed 
Efficiency 
Weight 

Transaxle 3-speed 
Wei ght 

Controllers - variable voltage and frequency 

Rated power 
Weight 

Battery/Lead-Acid 

Specific energy 
Specific power 
Efficiency 

Propulsion System Performance 

Range for steady 45 mph cruise 
Range for SAE J227a Schedule D 
Acceleration - 10 to 55 mph 


1400 kg (3218 lbs) 
556 kg (1226 lbs) 
178 kg (392 lbs) 


26 kW 
7200 rpm 
91% 

.84 

41 kg (90 lbs) 
75 Vac 


2.44 MJ (678 Wh) 
46300 rpm 
16 kg (35.3 lbs) 


45 kW 
23158 rpm 
46300 rpm 
87% 

20 kg (43.3 lbs) 


49 kg (109 lbs) 


63.5 kVA 
52 kg (114 lbs) 


40 Wh/kg (18 Wh/lb) 
100 W/kg (45 W/lb) 
60% 
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225 km (140 miles) 
161 km (100 miles) 
•15 sec 


TRACTION MOTOR SPECIFICATION 
Design Concept A6 


TYPE: 4-pole, 3-phase induction motor cooled by thermostatically- 

controlled blower? squirrel cage, f = 300 Hz @ 9000 rpm 


Rating 


Power 

Conti nuous 
Peak (30 seconds) 
Torque 

Continuous 

Peak 

Base speed 
Maximum speed 
Line voltage 
Line current 

Continuous 
Peak (5 sec) 

Peak (30 sec) 
Power factor (nominal) 
Efficiency (nominal) 

SI ip 

Number of rotor slots 
Number of stator slots 


26000 watts 
50000 watts 

41.2 Nm (30.42 Ib-ft) 

96.2 Nm (70.99 lb-ft) 
7200 

9000 

74.85 ac 

263 A 
640 A 
600 A 
84% 

91 % 

2 % 

28 

36 


Dimensions 


in 


Housing, O.D. 

Housing, I.D. 

Stator laminations, I.D. 

Stator slot depth 

Stator slot width 

Stator core stack length 

Air gap diameter 
Shaft diameter 
Shaft length 
Rotor slot width 
Rotor slot depth 
Bearing O.D. 


254 

10 

220 

8.68 

159 

6.25 

23 

.90 

6 

.25 

89 

3.5 

158 

6.25 

47 

1 .88 

292 

11.5 

3 

.125 

6 

.25 

89 

3.5 


*Weight, power and cost of blower are included in motor, controller 
weights, losses and cost. 
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TRACTION ROTOR SPECIFICATION - Con't 


Weights 

kg 

lbs 

Stator iron 

12.9 

28.5 

Stator copper 

7.9 

17.5 

Rotor iron 

8.6 

19. 

Rotor copper 

1 .6 

3.5 

Shaft 

2.3 

5. 

Bearings 

.4 

1 . 

A1 uminum housing 

3.1 

7. 

Aluminum end bells 

3.4 

7.5 

Miscellaneous hardware 

.4 

1 

Total Unit Weight 

40". 6 

90. 


Winding description 

Stator: Two layer, short pitch winding at 7/9, two coil 

sides/slot 

Rotor : Copper squirrel cage 


Losses at rated power 
Ohmic 

Hysteresis 
Eddy current 
Bearing friction 
Windage 


1717 watts 
128 watts 
257 watts 
231 watts 
231 watts 


Total 


2564 watts 


BATTERY TO MOTOR CONTROLLER 
DESIGN CONCEPT A6 

TYPE: Variable voltage, variable frequency, 3-phase pulse-width modulated 

inverter 


Rati ngs 


VA rating, 30 seconds 

63.5 kVA 

kVA rating, continuous 

45 kVA 

Voltage 

Input 

96 V 

Output 

75 V 

Output current, 50 seconds 

600 A 

Output current, continuous 

263 A 

Output frequency 

1-300 Hz 

Pulse width modulation frequency 

4000 Hz 

Power Loss 

@ 60 kVA 

2300 U 

Efficiency 

@ 60 kVA 

96 % 


Cooling Method 

*Forced ai r cool ing 

Weight 29.4 kg (65 lbs) 


Control Method 

Positive slip requirement specified by driver via accelerator pedal 
position. 

Negative slip requirement specified by driver via brake pedal position. 

Voltage controlled as linear function of frequency via control of on/off 
ratio of pulse width modulator. 

*Power of blower (100 watts max) is included in motor and controller 
losses. 
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FLYWHEEL 


DESIGN CONCEPT A6 


TYPE: Di -annul ate rim fiber-composite 


Maximum speed 
Maximum stored energy 
Available energy for a 3:1 speed range 
Specific energy 


46316 rpm 
2.44 MJ (679 Wh) 

2.17 MJ (603 Wh) 

64.3 Wh/kg (29.18 Wh/lb) 


Flywheel dimensions 

mm 

in 

Inner ring, S-2 glass/epoxy 

I.D. 

253 

9.99 

0. D. 

303 

11.93 

Outer ring, Kevlar 49/epox,y 

I.D. 

303 

11.93 

O.D. 

362 

14.25 

Height 

99 

3.88 

Hub - aluminum with kevlar reinforcement 

Kevlar O.D. 

140 

5.75 

I.D. 

127 

4.79 

Aluminum hub I.D, 

m 

4.39 

Weights 

kg 

lbs 

Rings 

8.4 

18.52 

Spokes 

.47 

1 .03 

Hub 

1 .60 

3.53 

Balancing weights 

.09 

.19 

Total 

10.56 

23.27 

Housing 

5.44 

12.00 

Total 

16.00 

35.27 


Vacuum 

Bearings Ball bearings 

Seals - hermetically sealed 
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FLYWHEEL MOTOR-GENERATOR 


DESIGN CONCEPT A6 


TYPE: Brushless, dc, homopolar inductor design. 

Number of poles = 4 


Rating 

Power 


Continuous 

23 kW 


Peak 

45 kW 


Torque 



Continuous 

8.08 Nm (7.00 Ib-ft) 

Peak 

18.50 NM (13.69 lb-ft) 

Base Speed 

23158 rpm 


Maximum Speed 

46316 rpm 


Efficiency 

87% 


Voltage 

96 V dc 


! Current 



I Continuous 

276 


j Pea k 

560 


Number of Phases of Armature Winding 

3 


Frequency 

1544 


Dimensions, 

mm 

in 

Rotor, O.D. 

94.9 

3.74 

Rotor, flux return path diameter 

57.1 

2.25 

Armature Stack Length 

65. 

2.56 

Armature Slot Depth 

20.3 

.8 

Armature Slot Width 

5.1 

.2 

Armature, O.D. 

157.2 

6.19 

Field Coil O.D. 

94.7 

3.73 

Field Coil I.D. 

57.1 

2.25 

Overall Length 

139.9 

5.51 

Weights , 

kg 

lbs 

Rotor 

2.9 

6.3 

Armature Iron 

4.8 

10.6 

Armature Copper 

3.8 

8.5 

Field Pole Iron 

5.5 

12.2 

Field Coil Copper 

2. 

4.4 

Bearings 

.3 

.6 

Miscellaneous 

.3 

.6 

Total Unit Weight 

19.6 

43.2 
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Flywheel Generator 
Page Two 




Winding description 

Armature lap winding and equalizing connections 
Field - Concentric wound 


Losses at 23000 watt output 2990 watts 

Ohniic 2489 watts 
Hysteresis 167 watts 
Eddy current 167 watts 
Bearing friction 167 watts 


Power needed to circulate oil is included in the Ohniic losses. 
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HIGH SPEED GENERATOR CONTROLLER 
DESIGN CONCEPT A6 


TYPE: Variable voltage, 3-phase electronic commutation with chopper 

field circuit and armature control 


Ratings 


kVA rating, 30 seconds 

48.5 

kVA 

Input voltage, maximum 

96 

Vdc 

Output voltage 

75 

Vac 

Output current, 30 seconds 

621 

A 

Output frequency 

1544 

Hz 


Power Loss 

At full load (48.5 kW) 1986 watts 

Efficiency at (48.5 kW) 96 % 


Cooling 

Air cooled - forced air cooling provided by thermostatically 
controlled blower. 


Weight 


22.6 kg (50 lbs) 


Control Method 

Shaft position sensor for phase and frequency control. 
Field Current control of counter emf. 


Power of blower (100 watt max.) is included in motor and controller 
losses. 


TRANSAXLE 
DESIGN CONCEPT A6 


TYPE: 3-speed with electronically controlled gear 


Final drive gear 
Ratio 

Bearing type 
Maximum torque input 
Maximum torque output 
Weight 


Axle 


Axle weight 


Transmission 

Gear ratios 
Bearing type 

Maximum torque input 
Maximum Torque output 
Maximum speed input 
Weight 


Gear shift mechanism 

Electronically controlled 
Weight 


Transaxle Drive Line Efficiency 

@ 6614 W input 
@ 22520 W input 
@ 57112 W input 


Weight of Complete Transaxle 


changing mechanism 


7.2666 

ball bearing 
418 Nm (308 lb-ft) 
3042 Nm (2244 lb-ft) 
17.7 kg (39 lbs) 


9.0 kg (20 lbs) 


1, 1.74, 3.86 
ball bearing 

109 Nm 
418 Nm 
9000 rpm 
20.4 kg (45 lbs) 


2.2 kg (5 lbs) 


92.77 % 
95.35 % 
96.74 % 


49.4 kg (109 lbs) 
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BATTERIES 


J 



TYPE: Lead-acid (nickel-zinc) 


Battery characteristics 


Specific energy 
Specific power 
Cycle life ( 80 % discharge) 
Cost 

Efficiency 


40 (80) Wh/kg 
100 (150) W/kg 
800 (500) 

50 (75) $/kWh 
60 (70) % 


Total installed battery weight (lead-acid) 556 kg (1226 lbs) 
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APPENDIX B 

ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM 

DESIGN CONCEPT: D2 

GENERAL DESCRIPTION: 

Propulsion system using an advanced design dc motor with electronic 
commutation which functions as chopper for voltage cont: ■->! and voltage 
boost for regenerative braking. Extra power for accele ,>tion and braking 
is provided by a flywheel using a continuously variable transmission. 



GENERAL PROPULSION SYSTEM DESCRIPTION 
DESIGN CONCEPT D2 


Curb weight 
Battery weight 

Propulsion system weight without battery 

1474 kg (3250 lbs) 
544 kg (1199 lbs) . 
205 kg (452 lbs) 

Traction Motor 

'Electronically commutated brushless dc 

Rated power 

Base speed 

Maximum speed 

Efficiency 

Voltage 

Weight 

26 kW 
5400 rpm 
7800 rpm 
90.4% 

96 Vdc 

43 kg (95 lbs) 

Fiber-Composite Flywheel 
Total stored energy 
Maximum speed 
Total weight 

2.44 MJ (678 Wh) 
46300 rpm 

16 kg (35.3 lbs) 

CVT 

Planetary cone type 
Maximum power 

Maximum/minimum speed input 
Full load efficiency 
Weight 

34 kW 

46300/15400 rpm 
94% 

71 kg (157 lbs) 

Magnetic Coupling 
Maximum power 
Base speed • 
Weight 

36 kW 
23200 rpm 

9 kg (20 lbs) 

Transaxle - 3-Speed 
Weight 

50 kg (109 lbs) 

Controller 

9-phase chopper 
Rated power 
Weight 

29 kW 

16 kg (34.8 lbs) 

Battery - Lead-Acid 
Specific energy 
Specific power 
Efficiency 

40 Wh/kg (18 Wh/lb) 
100 W/kg (45 W/lb) 
60% 

Propulsion System Performance 

Range for steady 45 mph cruise 
Range for SAE J227a Schedule D 
Acceleration 0 to 55 mph 

223.7 km (139 mi) 
160.9 km (100 mi) 
15 sec 
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TRACTION MOTOR 
DESIGN CONCEPT D2 


TYPE: Electronically commutated brushless dc, four pole design with 

field excitation provided through slip rings. 


Rating 


Power continuous 26,000 Watts 

Base speed 5,400 rpm 

Maximum speed 7,800 rpm 

Efficiency 90.4% 

Voltage 96 Vdc 

Current 300 Adc 

Number of phases of armature 9 


Dimensions 


mm in 


Armature stack length 
slot depth 
slot width 


85.7 3.375 
22.9 .90 
6.4 .25 


Rotor diameter 
Rotor length 

Air gap diameter 
Housing I.'D, 
Housing 0.D, 
Housing length 
Bearing 0,D. 
Drive shaft 0.D, 


138.7 

5.46 

85.7 

3.375 

138.9 

5.469 

220.7 

8.69 

246.1 

9.69 

292.1 

11.5 

88.9 

3.5 

38.1 

1.5 


Weights 


kg lbs 


Armature iron 
Armature copper 
Field copper 
Rotor iron 
Shaft 
Housing 
End bells 
Miscellaneous 


10.66 

23.5 

10.43 

23. 

4.99 

11. 

8.39 

18.5 

2.49 

5.5 

2.72 

6. 

2.49 

5.5 

1.04 

2.3 


Total unit weight 


43.21 95.3 
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Traction Motor 
Page Two 


Resistance 

Armature winding .1098 ft 

Field winding 204.1323 ft 


Winding description 

Armature Lap winding - 36 Slots 

Field Wound rotor, supplied by slip rings 


Losses at continuous power (26,000 W) 


Total 

2761 

W 

Ohmic 

1849 

W 

Hysteresis 

138 

W 

Eddy current 

221 

W 

Bearing friction 

359 

W 

Windage 

193 

W 


Cooling 

Air cooling provided by thermostatically controlled blower 

Cost, weight and power of blower is included in motor/controller 
cost, weight and losses. 


CONTROLLER FOR ELECTRONICALLY COMMUTATED DC MOTOR 
DESIGN CONCEPT D2 


TYPE: Variable voltage, 9-phase electronic commutation with chopper 

field and armature control. 


Ratings 


kVA rating, continuous 29 kW 

Input voltage 96 V 

Output voltage 96 V 

Output current, maximum continuous 350 Adc 


Power Loss 

At full oad 1180 W 

Efficiency at full load 96.1% 


Cool ing 

*Forced air cooling 


Field Control 

Maximum current 
Maximum voltage 


Weight 


1 .34 Adc 
96. Vdc 

15.79 kg (34.8 lbs) 


Control Method 

Shaft position sensor for commutation 
Armature current chopper below base speed 
Field current chopper above base speed 


*Cost, weight and power of blower is included in motor/controller cost, 
weight and losses. 
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FLYWHEEL 


DESIGN CONCEPT D2 


TYPE: Bi-annulate rim fiber-composite 


Maximum speed 


46316 rpm 


Maximum stored energy 2.44 MJ (679 Wh) 

Available energy for a 3:1 speed range 2.17 MJ (603 Wh) 


Specific energy 64.3 wh/kg ( 29.13 Wh/lb) 


Flywheel dimensions 

mm 

in 

Inner ring, S-2 glass/epoxy 

I.D. 

253.7 

9.99 

O.D. 

303. 

11.93 

Outer ring, Kevlar 49/epoxy 

I.D. 

303. 

11.93 

O.D. 

362. 

14.26 

Height 

98.6 

3.88 

Hub - aluminum with kevlar reinforcement 

Kevlar O.D. 

146.1 

5.75 

I.D. 

121.7 

4.79 

Aluminum hub I.D. 

111.5 

4.39 

Weights 

kg 

lbs 

Rings 

8.4 

18.52 

Spokes 

.47 

1.03 

Hub 

1 .60 

3.53 

Balancing weights 

.09 

.19 

Total 

10.56 

23.27 

Housing 

5.44 

12. 

Total 

16.00 

35.27 


Vacuum 


Bearings Ball bearings 

Seals - hermetically sealed 
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CONTINUOUSLY VARIABLE TRANSMISSION (CVT) 

i 


DESIGN CONCEPT D2 




TYPE: Planetary cone type with magnetic coupling 

for peak torque 



limiting and declutching capability. 



Rating 




Maximum power 

34,000 W 



Maximum/minimum speed input 

46,316-15,439 rpm 



Maximum/minimum speed output 

7,800-1,158 rpm 



Full load efficiency @ (33,302 W) 

94% 



Ratio 

12:1 



Torque 




(0 to 55 mph in 15 seconds) 
Maximum input @ 21,007 rpm 

16.12 Nm 



Maximum output 0 4,333 rpm 

73.39 Nm 



Loss coefficients 




Viscous drag 

2 % 



Spin torque 

4 % 


\ 

> 

Creep 

3 % 



Bearing types 

Ball bearing 


1 

\ 

1 

t 

f 

I' 

Weight including magnetic coupling 

80.5 kg (177.5 lbs) 
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TRANSAXLE 


DESIGN CONCEPT D2 


TYPE: 3-speed with electronically controlled gear changing mechanism 


Differential 


Ratio 

Bearing type 
Maximum torque input 
Maximum torque output 
Weight 

5.444 

Ball bearing 
460 Nm (340 lb-ft) 
2508 Nm (1850 lb-ft) 
17.7 kg (39 lbs) 

Axle 


Axle Weight 

9.1 kg (20 lbs) 

Transmission 


Gear ratios 
Bearing type 
Synchromesh type 
Maximum torque input 
Maximum torque output 
Maximum speed input 
Weight 

1, 1.74, 3.86 
Ball bearing 

119 Nm (88 lb-ft) 
460 Nm (340 lb-ft) 
9000 rpm 
20.4 kg (45 lbs) 

Gear shift mechanism 


Weight 

2.2 kg (5 lbs) 

Weight of Complete Transaxle 

49.4 kg (109 lbs) 


BATTERIES 


DESIGN CONCEPT D2 


TYPE: Lead-acid (nickel -zinc) 


Battery characteristics 


Specific energy 
Specific power 
Cycle life (80% discharge) 
Cost 

Efficiency 


40 (80) Wh/kg 
100 (150) W/kg 
800 (500) 

50 (75) $/kWh 
60 (70) % 


Total installed battery weight (lead-acid) 


544 kg (1199 lbs) 
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APPENDIX C 


MODELS FOR PROPULSION SYSTEM COMPONENTS 


A brief description of the models for the battery, transaxle, motor 
and controller follows. A typical page of computer printout showing that 
portion of the computation of the power and losses at each time step is 
given in Table Cl . 
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ACVANCEO EV PROPULSION SYSTEM CONCEPT A6 SINGLE MOTOR /DR. AXLE W/TRANS. AC1 
SAE J22? DRIVING CYCLE 45 MPH CRUISE COACITIGN APPROX. CONST . POWER ACCEL. 
THE PROPULSION SYSTEM CURRENT IS FROM THE BATTERY AND A FLYWHEEL BUFFER. E 





Battery Model 

For a vehicle in normal operation the power level fluctuates from the 
high values for acceleration to much lower values for steady driving. With 
the fluctuating power of stop and go driving the range of an electric 
vehicle will be substantially less than for constant speed driving on a 
level road. Part of this difference is due to the fact that the available 
energy from the battery when operated at high power is less than that 
available at low power. (Ref. 19) 

The available energy from a battery is dependent upon the manner 
and rate of discharge. A steady discharge at low power extracts more 
energy than a steady discharge at high power. Figure Cl shows the 
variation in available energy from an ISOA lead-acid battery for various 
steady power levels, with energy and power normalized to the values per 
pound of battery. For a variable rate of discharge the total available 
energy may be estimated by a variety of ways with differing degrees of 
accuracy. (Ref. 33, 34) 

One scheme used an accumulation of increments of fractional discharge 
in which a period of high power provides a disproportionately greater 
percent of discharge than a period of low power. The extent of the 
disproportional ity is calculated from the curve in Figure Cl. Some other 
schemes use models that attempt to relate to the physical characteristics 
of the battery using a few well -chosen parameters. Still other schemes 
involve using the average power over the driving cycle to compute the 
available energy. A root mean square (RMS) average and a simple arith- 
metic average have been used. 

In an earlier study on the benefits of regenerative braking, (Ref. 30) 
it was found that the difference in available energy using the different 
methods of calculation was small and that the available data on battery 
performance with fluctuating power levels did not provide a strong support 
for any one cal cul ational method. The method using RMS averaging appears 
to give the lowest range and, therefore, was considered to give an appro- 
priately conservative value of power to use in range calculations. 

The battery energy vs. power curve of Figure Cl was represented 
by a mathmatical equation which was incorporated into the subroutine 
used to calculate specific energy as a function of specific power. Two 
such equations were used; one for ISOA lead-acid and one for Ni/Zn. 
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Specific Power W/kg 




For the ISOA lead-acid the relationship is as follows: 
*E = 23.543 - .81 x P + .784 x 10 -2 P 2 
Where 


E = specific energy Wh/lb 
'P = specific power W/lb 

The relationship for Ni/Zn is as follows: (for positive values of P) 

**E = 20.4 + / M • 3 P 

V .1544 

Unless "P is greater than 64.3, in which case E is set to 21.8. 
Trans/axle Model 

The subroutines for the propulsion system include the calculation 
of energy losses in the transmission and axle gearing and the calculation 
of the speed and torque multiplication associated with the various gear 
ratios. Loss coefficients and gear ratios are input to the program from 
data cards. The tire rolling radius is also an input value. From the 
vehicle velocity and tire radius the axle speed is calculated. 


RPM a 


V x 


60 x 12 
2 ttR 


The pinion gear speed is then calculated from the axle speed by multi- 
plying by the axle ratio. 


RPM 


Pinion 


= Ratio x RPM 


Axl e 


And the motor speed is calculated from the final drive pinion by 
multiplying by the appropriate transmission ratio, which is selected to 
satisfy the shift point criteria which in turn is based on the vehicle 
speed and power requirement. 


RPM = RPM n . . x Transmission Ratio 
Pimon 


*Numencal fit of curve provided by NASA Lewis. 
^Numerical fit of curve (ref. 19, p. 200). 
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The final drive pinion power is found by adding to the drive axle 
power an increment of power due to an increment of pinion torque found 
from the following: 


AT = a n + a 


1 RPf Vinion 


a 2 T Pinion 


Where a^, a^ and a 2 are loss coefficients from data cards. 
The increment of power AP is found from: 


AP = AT x RPM 


Pinion 


x 2 tt 


The losses in the transmission are added to the final drive pinion 
power to obtain the motor power. The increment of frictional torque for 
the transmission is found from the following: 


T T = jO + {^) x (B q + B ] x RPM + B 2 x Torque) 

Where Bq, B^ and B 2 are read from input cards. 

Torque is the motor torque for a frictionless transmission 

RPM is the motor speed 

RPM 

Pinion is the final drive pinion speed. 

The increment of power loss associated with the increment of torque 
is added to obtain the motor power. 

Motor Models 

Two motor models were used to represent the two types of motors. The 
dc motor is modeled in terms of the known torque/current and speed/voltage 
relationships for a separately excited dc motor. The three-phase induction 
motor is modeled in terms of its equivalent circuit. The calculated 
losses for each motor type included the following: 

Windage 

Bearing Friction 
Eddy current 
Hysteresis 
Copper I Z R 
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Model for DC Motor 

For the dc motor the torque and generated voltage are dependent upon 
the air-gap flux in addition to the armature current and rotor speed. 

The air-gap flux at the design point is assumed to be high enough to just 
start to saturate the iron and that flux would be a function of field 
current as shown in Figure C2. The curve can be represented by the 
following equation: 

*Flux = 5.7 tanh (.18226 * x) + .1033 * x + .5 

Where x is a non-dimensional ampere turns of the field coils and Flux 
is the non-dimensional air-gap flux. At the design point x = 6 and Flux 
= 5.67. The flux can be raised or lowered by changing the field current; 
but since saturation effects limit the amount of flux that can be obtained, 
the field current is limited to values below some reasonable overload 
current. 

The required flux and armature current of the motor is found from 
the required generated counter emf and motor torque by iteration. First 
the flux is found from the relationship that the counter emf is propor- 
tional to the product of the speed and flux and that the required counter 
emf is the terminal voltage minus the IR drop of the armature. Thus 

Flux = K.j (E - IR) /rpm 

Where is a proportionality constant dependent upon the motor design 

E = terminal voltage 

I = armature current (trial value used) 

R = armature resistance 

RPM = rotor speed 

t 

Then the armature current is found using the relationship that rotor 
torque is proportional to product of flux and current. Thus 

I = «2 * Torque/Flux 

The range through which the flux may change is limited by the 
magnetic properties of the iron and the limiting current of the field 
coils. At low speeds where excessive flux would be required to produce 
the counter emf, the method of avoiding excessive field current is to 
reduce the effective motor terminal voltage by using the armature current 
controller. 

The eddy current losses are calculated from the air-gap flux and motor 
speed using the following relationship: (Ref. 3) 

AP = K, (RPM * Flux) 2 
ec *5 

* Numerical fit of curve from Ref. 15, p. 123. 
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Dimensionless Ampere-Turns 
Figure C2. Air-Gap Flux vs. Field Current 
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The hysteresis losses are also-calculated from air-gap flux and 
speed. The relationship is the following (Ref. 3): 

1P Hyst “ K 4 rph < Flul( > 1 ' 6 

The bearing losses are taken as increasing linearly with speed and 
the windage losses as quadratic with speed. 

2 2 
The copper I R losses are simply the sum of the field I R loss and the 

armature I ? R. Field currents and armature currents are both calculated 

to satisfy the flux and torque relationships. 


Three-Phase Induction Motor 


The model for the induction motor is based on the equivalent circuit 
shown in Figure C3 for a single leg. One third of the power is developed 
in each leg of a three-phase motor. The motor is assumed to be delta 
connected so that full-line voltage is applied to each leg. The circuit 
constants R-j , R2, R3, Xq » X;? and X3 are calculated in the subroutine from 
the input characteristics of the motor. The input characteristics are 
the efficiency, power factor and percent slip at rated power and speed 
and distribution of losses. At speeds less than the base speed the 
terminal voltage is reduced to be a linear function of input frequency 
and at speeds above base speed this voltage is set at a constant value. 


The currents in the various elements in the equivalent circuit are 
calculated by first assuming a value of E2 from which preliminary values 
of I2, I3 and are calculated as follows: 

1 2 = E 2 /Z 2 
*3 = E 2^ Z 3 
h = E 2 /Z 4 


Where 


Z 2 s + d X 2 


Z 3 3 x 3 

Z 4 = R 3 


Summing these preliminary values of current gives the 1^ vector 


h ' l 2 + *3 +I 4 

f 


Using this value of I-j and the assumed value of E2 a new value of the 
E^ vector is calculated by vector addition. 
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Figure C3. Equivalent Circuit of Induction Motor 


e in = h + h h 


Where 


Z] _ R-j j X-| 

This value of E,., will differ slightly from E, due to the error in 
assumed value of E„. The value of E« and the current vectors are readjusted 
by the ratio of the correct value of^E, to the calculated value E, N . A 
reiteration confirms that the correct value of E p and the current Vectors 
are obtained. c 

The windage, bearing friction, hysteresis and eddy current losses are 
calculated for the induction motor in the same way as they are for the 
dc motor. The air-gap flux is calculated as that required to produce 
the necessary counter emf at the operating speed using the following 
relationship 

Flux = ^ E 2 /RPM s 

Where is a proportionality constant 
E 2 = counter emf 
RPM g = synchronous speed 

The counter emf E 2 and the currents in each of the elements of the 
equivalent circuit are found by iteration by starting from a guessed at 
value of slip. The starting value is based on a linearization of the 
slip torque curve using 

Slipx = Slip * Tor/Torrt 


Where 


SI ipx = trial si ip 
Slip = rated slip 
Tor = motor torque 
Torrt = rated motor torque 

The trial slip is substituted into the equations for the circuit 
and the values of current vectors are solved after the reactances are 
adjusted for the input frequency. The power output of the motor with the 
trial slip is compared with the desired power and the slip is readjusted 
to raise or lower the power output as required. 

The iteration process converges rapidly to the required slip and 
torque if the torque is less than the breakaway torque of the motor. The 
breakaway torque and slip are also calculated; and if the repaired torque 
exceeds this maximum torque, this factor is printed out. 
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Controller Model 


The subroutines for the various types of motors calculate the con- 
troller losses as a function of the idealized battery current using 
three input parameters used as loss coefficients to characterize the con- 
troller. The power loss is in the following form: 

AP = C Q + 0,1 + C 2 I 2 

Where Cq, and are input values 
I = idealized battery current. 

The idealized battery current is simply the average current required 
to satisfy the power and losses of the motor using a lossless controller. 

The loss coefficients Cq, C, and C 2 are separately calculated from the 
nature of the controller ana its elements. 

At the rated power condition with a certain input current, there will 
be RMS currents through diodes, and SCRs or transistors. For a specific 
distribution of current there will be an identifiable distribution of losses. 
The losses in the diodes and SCRs are principally due to their forward 
voltage drop and this value influences the coefficient C, in proportion to 
the diode current fraction. The rate of change in the voltage drop in- 
fluences Cn. An additional loss for the diodes and SCRs is due to their 
reverse leakage current times their reverse voltage. The losses in tran- 
sistors are due mainly to the collector-emitter sat, -'ration voltage, the 
base-emitter saturation voltage and to the collector-emitter leakage current. 

Using catalog values of voltage and leakage currents for probable 
diodes and transistor types and numbers of units in series and parallel 
estimates of the loss coefficients were made. These result in overall 
efficiencies of the controller from about 93 to 96 percent with the higher 
efficiencies at higher loads. 

The model does not take into account the different modes of operation 
of the controllers. When the motors are above their base speeds the effective 
voltage at their terminals are the maximum value. When the motors are 
below their base speeds the effective voltage is reduced by use of a current 
chopper. The switching losses of the chopper will increase as the effective 
voltage is decreased. A more sophisticated model would account for the 
variations in switching losses, perhaps by readjusting the loss coefficients 
as a function of the effective voltage. 

In addition to the switching losses in the semiconductor switches, 
there will be differences in the distribution of current in the circuit 
elements and changes in the current waveforms as the chopping frequencies 
and on-off ratios change. The waveforms and distribution of current in the 
transactions and diodes were calculated for several load conditions for the 
induction motor operated above the base speed. The current (RMS) through 
the free-wheel diodes is approximately equal to the out-of-phase component 
of current and the current through the transistors is approximately equal 
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to the vector sum of the in-phase and out-of-phase current. These values 
were used for estimating the loss coefficients. 

For a more sophisticated model, the current distribution and waveforms 
during chopper operation should be calculated, and used for estimating 
losses. 


APPENDIX D 


GUIDELINES AND BACK-UP INFORMATION FOR COST CALCULATIONS 
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Guidelines for Life Cycle Cost Calculations 


Costs shall be calculated only for the propulsion system plus the 
battery, therefore other vehicle costs, insurance, taxes, etc. are 
not included. 

Use 1976 dollars 

Acquisition cost is the sum of the OEM cost (manufacturing cost 
plus corporate level costs such as general and administrative, 
required return on investments of facilities and tooling, cost of 
sales,...) of components plus the cost of assembling the components 
plus the dealer markup (assume 17%). 

Annual production is 100,000 units 

Operating cost is the sum of maintenance costs plus repair costs 
plus electricity cost plus battery replacement costs. 

Electricity cost is 4 cents/kWh from the wall plug. 

Vehicle lifetime is 10 years and 100,000 miles. 

A constant non-inflating dollar should be assumed. No inflation 
factor is included in the discount rate since it is assumed that 
personal disposable income tracks inflation. A 2% discount rate for 
personal cars shall be used as it represents only time preference 
(opportunity cost) . 

Cost of finance is not included in this procedure since it is 
assumed that the discounted present value of the sequence of total 
payments would approximately equal the original purchase price. 

All expenses are assumed to be costed at the end of each year. 

Year "Zero" is reserved for those costs which must be incurred 
before the vehicle is operated. 

Assume chassis (propulsion system) salvage value is 2 % of the 
purchase price, depleted battery salvage value is 10% of the purchase 
price, and used battery salvage is 50% of the purchase price pro-rated 
over the remaining life of the battery. 

In determining battery life assume the vehicle is driven 10,000 
miles per year. For convenience in calculation assume the mileage 
is accumulated through successive SAE 0227a Schedule D driving cycles 
from 400 - 10 mile trips per year, 150 - 30 mile trips, and 30 - 50 mile 
trips, charging after each trip. The battery cycle life shall be 
determined based on these trip profiles, field environmental effects, 
and the degradation due to the actual conditions imposed on the 
battery by the propulsion system and vehicle. 
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The calculation of life cycle. cost shall follow the format shown on 
Worksheets 1 and 2 using the following instructions. 


★ 


1) The purchase price is entered on the appropriate line 
of the life cycle cost worksheet as a year "Zero" cost. 

2) Operating costs: electricity, maintenance and repair, 
and battery replacement costs are copied from the operating 
cost worksheet to the same position on the life cycle cost 
worksheet. 

3) Discount factor - 1/(1 + i)^ is computed for each year 
(where t = year 0 to 10 and i equals the discount rate). 

4) For each year, the discount factor times the cost gives 
the present value of the cost for that year. These are 
summed to provide the discounted present value of the life 
cycle cost. 

5) The value computed in step 4 is divided by the total 
miles driven to provide the life cycle cost per mile and is 
expressed in cents per mile. 
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Table D1 


Operating/Life Cycle Cost Analysis 
of AEVA Propulsion System 

Concept: A6 - AC Induction Motor with Flywheel Buffer 

Battery Weight: 1226 lbs lead-acid 

Energy used over 

"D" Cycle 212 Wh/mile 

Battery Characteristics: As listed in Table 4 

Vehicle Life: 10 years 

Distance driven annually: 16100 km (10000 mi) 

Energy cost from wall 

plug: .04 $/ kWh 

Salvage Value 

Chassis 2% of purchase 

Battery 10% of purchase if depleted 

50% of purchase prorated over remaining 
battery life 

Battery Cost = ($/kWh x Battery Weight x Specific Energy/2204) 

* $1112 

Energy Cost = Energy Consumed/mile x Miles x Price/kWh/Battery Efficiency 
= $141 /yr 



Table D2 


Propulsion System Acquisition Cost Analysis 
Concept A6 with Lead-Acid Batteries 



Unit Price 

Unit 

Weight 

(lbs) 

Cost 

($) 

Axle 

2. 

$/lb 

59 

118 

Drive Motor 

2.1 

$/lb 

90 

189 

Controllers: 





Battery to Motor 

7.38 

$/kVA 

65 

464 

Generator to Motor 

7.38 

k/kVA 

50 

354 

Flywheel 

6. 

$/lb 

35 

210 

Motor/Generator 

2.5 

$/lb 

43 

107 

Transmission 

2. 

$/lb 

50 

100 

Subtotal : 



392 

1542 

Assembly and Test: 





Two manhours at $30 

per hour 



60 

Batteries 



1226 

1112 

Total : 



1631 

2714 


Acquisition Cost = Total + 17% Dealer Markup 
= $3175 


Controllers are rated at 63 and 48 kVA each. 
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Table D3 


Worksheet 1 

Operating Cost Worksheet 
Concept A6 with Lead-Acid Batteries 


Y E A R 



1 

2 1 3 1 

4 

5 

6 

7 

8 

9 

10 

Mile Dependent Costs 











LU 

►— i 
21 

Maintenance 
Electric 
Mechanical 
Energy Buffer 
A TOTAL 

.10 

.10 

.35 

.10 

.10 

.35 

.10 

.10 

.35 

.10 

.10 

.10 

.30 

.10 

.10 

.30 

.10 

.10 

.30 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.30 

.30 

.75 

.30 

.30 

.75 

.30 

.30 

.75 

.30 

C£L 

LU 

CL 












CO 

h- 

z: 

LU 

O 

Z 

l~ 

1 02 

Repair 
Electric 
Flywheel 
Transmission 
D TOTAL 




1. 




1. 











• 


g 
1 ° 

!° 

f 

\ 




|| 

.5 




■ 





HI 

.5 



1. 

Hi 













! 

1 

Electricity 
E TOTAL 

1.41 

1.41 

1.41 

1.41 

1.41 

1.41 

1.41 

1.41 

1.41 

1.41 

? 

1 

i 

1 F TOTALS A+D+E 

1.71 

1.71 

2.16 

2.71 

2.21 

2.16 

1.71 

2.71 

2.16 

1.71 

1 G Mileage Each Year 

H TOTAL DOLLARS 
(F/100) x G 

10000 









10000 

171 

171 

216 

271 

221 

216 

171 

271 

216 

n 

, 











1 

Battery Replacement 






1112 





YEAR TOTALS $ 

171 

171 

216 

271 

221 

1328 

171 

271 

216 

171 


Total Operating Cost = | $3207 [ Operating Cost Per Mile = | 3.207 ) 

cents/mile 
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Tasle D5 

Operating/Life Cycle Cost Analysis 
of AEVA Propulsion System 

[ { 

Concept: 

Battery Weight: 

Energy used over "D" Cycle: 

t 

I Battery Characteristics: 

1 Vehicle Life: 

Miles driven annually: 

Energy cost from wall plug: 

Salvage Value 

Chassis: 

Battery: 

I 

\ 

t Battery Cost = ($/kWh x Battery Weight x Specific Energy/2204) 

= $1 088 

Energy Cost = Energy Consumed/mile x Miles x Price/kWh/Battery 

Efficiency 

I = $lAQ/yr 


D2 - Brushless dc Motor with CVT 
Flywheel Buffer 

1199 lbs lead-acid 

210.45 Wh/mi 

As listed in Table 4 

10 years 

16,100 km (10,000 mi) 

.04 $/kWh 

2% of purchase 
10% of purchase if depleted 
50% of purchase prorated over 
remaining battery life 
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Table D6 


Propulsion System Acquisition Cost Analysis 
Concept D2 with Lead-Acid Batteries 




Unit Price 

Unit 

Weight ' 
(lbs.) 

Cost 

($) 

Axle 


2 

$/l b 

59 

118 

Drive Motor 


2.3 

$/lb 

95 

219 

Controller 


7.37 

$/kVA 

35 

214 

Flywheel 


6 

$/lb 

35 

210 

*CVT 



$/l b 

178 

661 

Transmission 


2 

$/l b 

50 

100 

Subtotal : 




452 

1522 

Assembly and Test: 






Two manhours @ 

$30 per 

hour 



60 

Batteries 





1088 

Total : 

t 





2670 

Acquisition Cost = 

Total + 

17% Dealer Markup = 


3123 


♦Includes magnetic coupling and hydraulic pump motor. 


Table D7 
Worksheet 1 

Operating Cost Worksheet 


Mile Dependent Costs 


Maintenance 
Mechanical 
Energy Buffer 
A TOTAL 


Repair 
Electric 
Differential 
Hydraulic Pump 
D TOTAL 


El ectricity 
E TOTAL 


F TOTALS A+D+E 

G MILAGE EACH YEAR 

?! TOTAL DOLLARS 
(F/100) x G 


1 

1 

2 

3 

4 





.62 

.82 

.87 

.82 

.10 

.10 

.10 

.10 



6 

mm 

mm 

9 

10 






1 .07 

.62 

.82 

.87 

.82 

.10 

.10 

.10 

.10 

.10 


,72 .92 .97 .98 .72 1.17 .72 .92 .97 .92 




,5 .6 


.5 .1 .6 


1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

2.12 

2.32 

2.47 

2.82 

2.72 

2.67 

2.12 

2.82 

2.47 

2.38 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 


212 232 247 282 272- 267 212 282 247 238 


YEAR TOTALS 


Operating Cost Per Mile =13.207 
(cents/mile) 





































































































Table D8 
Worksheet 2 

Life Cycle Cost Worksheet 



10 Present Value of Life Cycle Cost (Sum of 9) = $5965 

11 Present Value of Life Cycle Per Mile Driven (10/Total Miles) = 5.965 cents/mile 




































































Table D9 


OPERATING/I.IFE CYCLE COST ANALYSIS 
OF AEVA PROPULSIONS SYSTEM WITH NICKEL-ZINC BATTERIES 

Concept/A6--Ac induction motor with flywheel buffer. 


UNIT WEIGH! 

(lbs.) 

Axle 59 

Drive Mount 63 

Controllers 

BM 45 

GM 35 

Flywheel 35 

Motor Generator 30 

Transmission 50 

Subtotal 317 

Assembly and Test 
Su btotal 

Batteries (Ni-Zn) 490 

TOTAL 807 


Acquisition Cost (17% Markup) 

Energy Cost: 102 Wh/km (165 Wh/mi) 


Assuming same repair and maintenance cost as in lead acid case: 
CANDIDATE LEAD ACID 


(A6) 

Acquisition Cost 
Annualized Acquisition Cost 
Discounted Annual Cost 0 2 % 

(A6) 

3175 

317.5 

Discount Rate 

Electricity 


126.6 

Repair and Maintenance 


61.5 

Battery Replacement 


99.8 

Drive Train Salvage 


-3.7 

Battery Salvage 


-26.6 

Discounted Annual Operating 

Costs 

257.6 

Present Value Life Cycle, $/Yr 

575 


Present Value Life Cycle, $/km ($/mi) .0357 (.0575) 


COST 

($) 

118 

131 

333 

256 

210 

75 

100 

1223 

60 

1283 

1334 

2617 

3062 

94 


Ni-Zn 

(A6) 

3062 

306.2 

94.0 
61 .5 
239.6 
-3.5 
-33.5 

358.1 

664.3 

.0413 (.0664) 
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APPENDIX E 


COMPUTER FLOW CHART AND PROGRAM 













































At! V At ,,70 j ) 0 . R 04 7 .3 *5 , l / Z <. >\ HR 

$ i o = alps c r 'i : v 

±LHL r 'jii__ 

MNT4,'l=0. 

LG Ot 1- C = ? 00 .)J . 

= X"IT. 

O JMP, 0. 

GP.IJMp. 



- — ■■■ ' ms 

1 is poor 


PR COr.-i M * OAll^P.JT , OUTPUT ,TA PE4= INPUT. T AP FI 6=0UTP1JT .TAPE5.TAPF6 t 

c t ^ 4 0 M t \t A, AF,RSL, 3V,:D, D T , F C ( 20, 1 50) , F SE , JF LAG ,MHP , P, 

1 PI* MA X, PH, B PM AX . S0MBEP.5 JMT C-, S J Mf-FR. V A. VN. VT 

5 (J w 3 C , ? J'lF E P » S t ii'i = t M , I* I CL, PDB, PFY, PB , HPD , FQ, EHD . DELFC , PBAR 

COMM DM / B/ IX ,1, 1X2, \T 5, it AMS E, SUM l) , VC , TOTE ,XMPG 

COMMON tU WMAS , WP AY~, w T EsT , W PROP , W AX , WM GT , WT CBM , 4T CGM , WB, W V , *F, 

l.aGLN ,UTXM , WSRCS, /.C UUB . TE STw , WPS . ROT! .WCBM.Wr.fiM , 

C( / L)/ COA, RFID A, KAOIJS, CO, C 1 , C 2 , RAT 1 3 , TA XL , AO , A 1 ,A 2 * RPR , SPEEOI 

1 . jJlP. r F 3 A , f)L OA f ), T VT , C J ROM, a f) AR. KFFPM. K 12 . HV ST I . ED I . BF I.WND I , FRF 0. 

2i>: PM, v: VMI N, VC MOT ,CBwriJ-< f CBHFRU,CBMO,CBMl ,CBM2 »PCGM, VCGMI'N* VCGMGT 

C J k, CGM F R(j, D U MP, CGM It LGM2. EnARM.PBARM.EFF3.XFSM.RUND.SRPR. 

4S S P") 1 , G S PD ? , SOLO, G F, VT, !,CUO , GDAR, LFFCG, GR 12, GHYST I, GED I, GBRI , GWMDI 

5, Of RE J , TXM* 1 , T XMR 2 . T XMR 3 , TXA 0 . TXA l ,TXA2 .TXBAR.TXMTQ 

C P.MMOM fi : f C OS T DM , CD S T A X|C 3 STB , C 0 STF , CD S T C 0 , C 3 S TCG , £ OSTG » C 0 STXM 

COMM ON n / P SA (1 3 5 0 ) , NF LAG , 1X3 , FAMP ( 1390 ),VLG, VS G, V FIG 

D HE JS I I Xl( 16) , I X2( 16) ,1 X3 ( 1 6 ) ,V1<1390) ,BAMPU390) 

D1 MF M5 ION P.Lrfm ) . 

Wr.ITr. (16,000) 

BOO FORM AT ( * 1 *, 73H PROGRAM MODIFIED TO USE AEPS BUFFERING ROUTINE. COP 
1/ MADE 3/28/79 FCV • /22il SHiFT POINTS READ ISJ. I 

CIO CONTINUE 

C READ TITLE ^ ’ 

Kt r AH{ 4- ,10) 1X1 

10 FORMAT! 1 6A 5 ) ‘ “ ' ~~ ’ ' 

f i R ITC (16, 114) [XI 

114 Ff.KMAr (1 II ,1X ,16A5 ) 1 ‘ 

R EAD! 4,11 ) WGAS.WPA V,WTEST,WPROP,CPA,RHOA, ROT I . 

flip ITEdfa, 205) wSAS, wPAYihTEST, WPKDP ,CDA ,RHOA ,ROTI 

REA PI 4,11 ) RADIUS, CO, Cl, C2 , VLG, VS G, V HG 

W’R I TE { 16,207) KADI US,CO,C 1 , C2 , VLG , VSG , VHG 

iu:ap( 4, in rat id, wax, taxl, cpstax.aq.ai.A2 

Wf-’ I T F ( 1 6 , 2 09 ) RATIO, WAX , TAXL, COSTAX, AO, Al, A2 

* t?AD( 4,11) RPR, SPEEOI , SP LEOA ,QLQAD , RVT, CURDM , WBAR , EFFDM 

WRITE! 16, 211 ) RPR, SPFEPI, SP FF.DA , OLD A D , RVT, CURDM, WBAR, EFF0H 

REALMS ,11 ) 112 .HYSTI , FPL , RFI.WNDI, FREQ, COST DM, T DTE • 

IF! TPTE.LE.O. ) TOTE ,= .80 ’ “ 

w KITE (15, 2 T3 ) _ RJ_2,J!Y ST I , ED I , BF I , WN D I » FREQ ,C0 STDM , TOTE 

R F A 0 ( 4 , 1 1 ) PCBM, VCBMI N, VCBMOT ,CBMCJR , CBMFR Q, WCBM 

WRITE! 16,215) PC B >1 , VC 3 M I VI , VE B MOT ,C BMC UR , CBMF RQ , WCBM 

R E A D ( 4 , 11) CBMO, CBM1 , CBM 2, CD STCD 

WP.I TE! 16,217) CBMOtCBMI ,CBM2 tCOSTCB 

RE A 0 ( 4, 1 1 ) ?CGM,VCGMIN, VC 3 MOT , C3 MCUR ,C S MFRQ, WCGM 

WRITE(16, 219 ) PCGM,VCGMIM,VCGMOT.CGMCUR,CGMFRQ,WCGM 

ROAD! 4, 11) CGM0,CGM1 ,CGM2 ,COSTCG 

WRITE! 16, 221 ) CGM 0,3 GM1 , C 3 M2 ,C OSTC G 

R F A P ( 4 , L L ) BV, EBARM, P BARM , W B, CDS T B, EFFB 

_ NT I TE! 16,223) B V , EI3 ARM, PBARM, WB, COST B f EFFB 

’* R t AD( 4, 11) FSE ,WF , XF SM ,R UMD ,COSTF 

WRITE! 15 ,2 2 5 ) FSF.,WF,XFSM, RUNP,COSTF 

REAP! 4,11 ) 3RPR,3SPD1 ,3SPP2 , GOLD ,GRVT , GCUR, (5bAR* EFFQG ' 

fllRITE(16,227 ) GRPR , GS 3 D 1 , 3SPD2, SOLD ,GRVT ,3CUR ,GBAR , EFFOG 

REAPI4 ,11 ) GR'I2 , GIHYST I , GEDI, GBRI, GWNDI, G FREQ, CD STG 

WR I TE < 16,229) GRI-2 ,3MVSTI , GEDI ,GBRt ,GWNDI, GFREQ, COSTG 
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AEAim'i il )' f XM'P.l fT XTR/Tf"x^ 2. T XAO, TXAl ,TXA2 .WXMTtXCOST 

WkITE( lb , 2 31 ) TXM K 1 ,TXMR2, TX MR3, TXAO ,TXA1 ,TX A2 , WTXM, TXCOST 

11 FORMA 7UH 10. 3) 

13? F OR MAT (IX.6G14.4) 

205 FORMA T(/24H ' VEIII CLC ‘ CHAKAC TER I ST ICS / 

... 14X, 12H U S- WE 1 3 H T, 4 X , 11 HMA X. PA YLOAO ,4X .SH TEST LOAD* IX . 1 7HWT . PROPAG 

1 AT I ON E., IX, 12 HAIR DRAG C.DA, 3X, 11HA 1R DEN SI TV , IX, 14HR0T. I NER. F ACT, 

3/7315. 5 ) 

207“ PERM At ( / ? 4H TIDE FACTORS / 5X ,1 HRAD I US I NCH , 12>f , 2 7H ROLLING RES1 SIT 
?. CUEF’F I C 1 1:N1 S .3X.21HSH1FT POINTS Fl/SFC / 1G 1 5. 3, 3= 1 5. 5 , 3F 15. 2 ) 

209 p ORM AT( /14H AXLE FACTORS /7 X ,5 HRAT I 0, 9X , 6HW El GHT , 8X, 1 1 HTORQUE CA 
J P .t AX , 4 Hr.QS T, 2X,l 3 H L OSS C OF F. AO, 1 3 X , 2H A1»13X, 2H A2/ 1G15.5, 

2 3 G1 t . 3 , 3 r'l 3 .3 ) 

211 FOR M \ 7 ( / 2 1 1 1 DRIVE MUTfJk FACTORS /5X,UHRATED POWER, 4X , 9HM IN SPEE 
ID, 5X, >PM'X S!M;FI),3X,rt'i?3V;ARLOAi) PE RC ENT , 3X , 1 1H RATED VOLTS, 1 X,'l3HRA 

2 ThP CiJ K KENT t lX ,15HSPFC1FIC WE IGHT t 2X i 10HEFF IC I ENCY / 

3RG15.5 ) 


2 b FORM AT.. <2fc.U LOSS DISTRI BUTIO N FACTORS /3X.13HQH I I C HEA TI NG ,5X ,1 OHH 
1 YS TERES 1 S , 1 X ,i ?. HGDDtf C JRkFNT , IX , 14H BEARING 'FR IC T. , 4X, 7KWI.N3A-SE , 6X, 

39HPR .F 1 » J=NCY, 1 1X ,<H COS T , 6X , 1 2HP0WER FACTOR/ 8G15.5 ) 

2lb FORMAT ( / 5 0 H CONTROLLED FROM BATTERY TO MOTOR CHARAC TER I STIC S / 

1 4X , 1 1 HRA TE D PU„ER ,XX . 13HINPJ T VOLTAGE, IX, 14H0UTP GT VOL T AGC , 2X , 1 3HR 

2ATLT) : URR-NT ,6 X ? ‘HE REijUlfNC Y,4X ,11HSPEC. WEIGHT /6G15.5 ) 

2 3 7 FL RM A J (2x, 14HL0SS COE H E .AO , I3X , 2HA1 , 13X, 2HA 2 , 1 1X4HC O ST / 

1 3 F: 1 5 • !3 ,1015.2 ) " 

219 FORMA T ( /SOHCUNT k Ol.LFR FR O M GENER ATOR TO MOTOR CHARACTERISTICS/ 

1 4 < , 1 1 H R A r F D POWER, 2X, 13HINPUT VOL TA GE , 1 X , 14H0 UTPUT VOLTAGE , 2X , 13HR 

2ATEJ CURiAF-NTtbX ,9 HFkEQJ FNCY, 4X, 11HSPEC. HEIGHT /6G15.5 1 

22 3 FOkMAH 2K, 14HLQSS C OE F T , A J , 13X ,2 HA1 , 13X ,2HA2 ,1 1 X4HC0ST / 

1 3 f- 1 5 .0, 1G15.2 ) 

223 FORMAT </24fl BATTERY CHAP ACT ER 1ST ICS / 


1 *3X, 7HVD. TAGS , 4X , 3 HSPEC . FNER3V , 5X»1 OH SPEC. PO WE R ,» X , 1 1HBATT . WE IGHT , 
2"lIX ? 4Hrnsr, 5X,10Hi:FriCIFNCY/fcG15.4) 

2 2 . b FORMAT ( /26H FLYWHEEL CH A !1 ACTEKIST ICS t _ 

""~'l2X, 3. US PEC. ENERGY, IX, 1 4HF*L Y WEE L WEI G H T, 4X ,9-( MAX SPEED, 1 X,1 8HRUND0W 
2N PERCENT/ HR, 3X, 4HCUST /EG 13.5) 

2 2 7 c OR MAT “( / 1~9H GENERATOR FACTORS / 

12X, ilHRATED PO WED , 6X, <HMI N SPEED , 5 X, 94 MAX SPEED , 1 X ,1 6H0VERL0AD PER 

2 C L NT , 3 X, 1 L HR A 7 E U VOLTS ,2< , 13HI AT ED C J RRENT," IX , 1 5H SP EC IF IC WEIGHT, 4 

3X, lOHEFFi: IF NO Y/3015.51 

229 FfiRMAT <26HlOSS ,) i STD I OUT I ON FACTORS /3X , 13H0HMI C HEATI NG,5 X , 1 OHH 
_1 YSTKK ; : S I S , 3 X ,1 2 HEu DR CJ RRENT , IX , 1 4H BEAR I N G FR IC T . , 4X , 7HWINDAGE , 6X 
3 , 9H T R F- 0 J : N C Y , 1 1 X , 4H C C S T /7GI5.5') 

2 31 FORMA T JJ 29H T R ANSMISSION CHARACTERISTICS / 

2 3. X,1 5HHIGH GEA k‘ R AT 1 0 , 1 K , 1 4HS EC . GE AR RAT 10, IX, 14HL3 W GEAR RATIO, 14 
2 X, 17H1.3SS OGL-FF ICI FNTS , 1 7 X , 12HTRANS . WE IGHT, 1 1 X , 4HC0ST/ __ 

33G3.3 .:3, 3E15.5, 2ri’3.2) 

WMOT = WDAR^RPR/SREF:D1<'3FJ0. 

WTCBM = w;bm*pcbm 

WTCGM = WCGM»PCG.M 

MGEN = 0 B AR< : GRPIV GS PD1*3P 00 . ~~ ^ 

3SE = =3 ARM ' ; 

CALL VEHWT 

600 CLNTINJE ' 

WRITE (16,114) I XI “ " . 

WRITE (16,233) WY , WGROS, HCUftB 

233 =0RMAT(/16H VEHICLE WEIGHTS ,L0H TEST WT j 10H GROSS WT , 

110H CURB WT./ 11X, 3F 16. 2) 

XMPG=0 • ' 1 ' ' ' ^ ~ ^ 

D T=l. . ; 

NFL A3 =0 

SJMD = 0. t, 

, 2q £ , 


”"p iiM.'. i =~ p. 


r r- ! ha - r # 

iiCMA=J. 

SLIM = 3. 

SEDJTO. 
RLMI = J. 

• 

- 


SA 1=0. 
S 00 = 3 . 


/, ! tdu 


JF LAG =0 

RI.AO( 4. ’.0) I XP 


— r~- J.'OUR 


Of 1 AS 1=1, 15 
I X3 ( 1 ) =1 X2 ( I ) 




4 U CP NT INUE 

REAP (4, 11 )*NTS, [)T, SL 

/ 

/ _ 



1 1 I M,. LE. 0. ) f) T = 1 .. 

■: / 



WR ITE (16.116) I. X 2 A- 

/ •' •; 




11 S FORVAT (lX,lbA5) 
WRI TF ( 16,136) DT 


s 


1 36 R HH AK//1X, 40H VIRUS t tl SPEED AT END Of EACH TlflE STEP 
112 H DELTA 1 = , F7 .4, 5tl SEC ) 


NT S= XN IS 


DP >5 1= i» v)TSt 1.0 
J= 1-1 


R HAO( 4,16) ( VI ( L + J) ,L = 1 ,10) 
WIUTC( 16, 16) ( VIC L+J ) ,L = 1, 10) 

15 CONTINUE 

16 F'JRMAmiK IXiF7.3) ) 


1 L = N IT 5 
Nl =0 

NT^O 

r 3 ML = \ll + 1 
NL -0 
SUM3 = 0. 
V M =3 . 
VT=0. 


C _ LSI T BR CALCULATIONS L L OOP 

DP CD 1=1, MTS 

N C=NC-U * 

11=1-1 

L.= 1 I-U 1/ 1L ) tIL +1 

'44 VN= VI ( L) 

_ _ 48 A = ( VVJ-VTJ /.")1 

“ VA=(VN+VT )/ 2 • 

JF L AG = 0 

' "'"H7~RA=kDTI*wV*A/32.2 

w RL) = 3.5 *fUYnA*CPAUVA**2 ) 

R K = W V* ( C 0*- C 1 * V A+ C 2 * VA * * ? ) 


RS=WV*SL /100. 

RS J M= P A+RD+RR+RS 

P=R SUM* VA 

C ’ “( f.RVFRT T3 WATTS FROM FT*LB S / SEC 

PU = ( 7^6 . / 5 5 3 . )*P 

CALL AEPSIBCURtT) 

I F (JFLAG.GT.4) GO TO 62 

IF< JFLAC. 60.1 ) OH TO 57 

6 2 C3MTINUE 

* If (PO.GT .PRMAX ) PRMAX=PQ 

1F( PD.LT. PBMAX ) PBMAK = PD 

IF(PD.GT.O.) SEIN = SE1N + PD^DT /3600. 

IF (PQ.LF .3 . iSEOUl = SE 3 JT + Pr>*DT/3600. 

CALL B AR ( P BAR , BS E , EBAR ) 

BAMP(I) = BC UR 
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TFT BCJKTgT . PCTTITTiCM A^'BCUR 

_ _ I c ( PC UR. L T. B CM I ) DC M1 =BCUK _ 

IFU'CJR.GT.O.) S(ii = S3I+3:U* *3173600, 

__ * IF {PCJR. Lf .3 ,)SQO=SB0»ftCJR»DT/36OQ. , 

NT = Nm 

59 VT = VN . ; ; 

6 6 CONTINUE 

w R I TE ( 1 6,12 6J 1 XI , I X2 ,1 X3 

~~ 12 6 FDRMAT(1H1,'1X, 16A '// IX , 16A p7"lX, 16A5) 

W RITF(16,12U ) PRMAX , PBMAX 

W~R I TE( 16,122 ) SE I N , SF HUT 

J R 1 T E( 16 , 1 2 41 SB 1 , SEP 

WRITE(L5,i33l DC MA , hCM I 

WR I TE ( 1 6,152 ) _SDMD 

~ 12 D FCRM'Afi'lX, 22H MAX~DR IVE POWER = ,Gl-4. 5 , 6H WATTS/ 

1 1 X , 2 2 H MAX BRAKING POWER = , G14.5,6H WATTS ) 

122 FDRM4TU\,22H DRIVING ENERGY IN = ,G14.5,11H WATT-HOURS/ 

J. 1< ,2 2 1 L B R A K, I NG ENERGY = ,G14.5,11H WA TT-H3URS ) 

' 124 ’=rPMAT<Tx»22H 01 S CHARGE "ENERGY = ,G14.5,10H AMP-HOURS / 

_J IX , 22ll RE CHARGE EM l RGY = ,G14.5,10H AMP-HOURS ) 

l‘:*3 "FORMAT (IX, C2H MAxTjkRENT OUT = ,G14.5,5H AMPS / 

„ 11 X « 224 MAX CURRENT IN ,G14.5,5H AMPS ) 

15 T FORMAT ( IX, 2 3H/I STANCE TRAVELED = ', 314. 5, 6H MILES ) 

I FIN FI. A G.E Q.O ) GO 1 0 710 

WF.I TE (16,250) DT 

250_ FL RM A T ( / / l 1 9H PRD ^ULSIDN SYSTEM CURRENT AT END OF EACH TIME STEP 1 

IS EQUAL* fG BATTERY CJKRCNT PLUS BJFFFR CURRENT. DELTA TIME = 

2 , T 6. 4, 4H SF.C ) 

WRITE ( 16, liSK P SA ( I ) , I =1 ,NTS) 

_ 7 1 D C Cl NT I N J fc 

WRITE (16,12 8)’ DT 

128 FD RM AT ( / / 54H rt A 7 T E < Y CURRENT AT END OF EACH TIME STEP. DELTA T = 

" *1 , F8 • 4 » VH* SEC T 

WRI TE (16,118) (BAMP< 1 ) ,1 =1 ,NTS ) 

WR ITEQ6, 260 )DT 

„ 2 t_P FORMAT ( [J _b± H ELY w HE FL., _BU F FFR CURRENT AT END OF EACH TIME STEP. DE 
~ii.TA TIME '= ,F8.4,4H SEC) 

W K IT E ( 16,118 )( P A \P ( I ), 1= 1, NTS) 

Tl8 FORMAT (IX ,10 Fl'f .4”) 

C SUM ENERG Y AND 'CALCULATE RANG E 

7 D RANGE = .3 *SUMD*( WD *13. ) /U BV*< SBI + Sii 3 ) ) ) 

R A NG W U= .3»SUMD*UB*13. ) / ( (BVMSB1I ) ) 

'RANGE = RANGE/. 8 ' 

RAN own = RANGW0/.8 

Z~ LCAiD LEVEL BATTF^Y OVER TIME OF CURRENT DRAIN. 

TIME = 0. 

' T IME2 = D . 

n me 3 = o. ; 

RMS 1 = "0. ' " ‘ 

RMS 2 = 0 . ' 

DO 154 J1 = 1,4 

3LW(J1) = 0. 

154 CHNT INJE 

X = -RV/WB ' .. 

E = Oo 

DO 150 1 = 1, NTS " • ■, ' • 

TIME 3 = TIME 3+ DT , ‘ , 

I F ( ABS ( BAR P ( I ) ) »G T . 5. ) TIME = TI ME * DT 

IF(BAMP(I).GT.5 •) TIME2 = TIM^2 + DT r "’ _r > ' 

_ RMS1 = RMS1 H9AMP(I)**2) ;■ 1 7 . * 

I F < BAH P ( I I’.GT.O. ) RMS2 = RMS2 + BAMP(I)**2 V " ~ 

PR = X*BAMPU) ■ ' . ■ 
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0 


PWO = l»K 

l P l PWIJ.LT .0 . ) PW 1_* 

PP.X = PR 

C.1 U- 3AR(PRX t I 3 ?a jJ. 

c t= :.126 *e 

rtkH.l ) g riLWI 1) + P R/f? 

»Lrt(?) = I L .V ( 2 ) f PWD/f; 

CAL L TAi<(PRX.4Q. , E) 

»Lwi M = 3 LaI 3) + PR/n 

4J-= 111 W_.( 4J f ■■!' N3 /fi 

15 0 CO NT 1 M J H 


)0 lBfr J1 = 1,4 

BLrtUl) = )L W ( J 1 I *,) T /3600. 

1 5 5 CQ .MT | mj E __ 

R*1 SI ' ="' S J R T ( RMS I / r I ME ) 

KMS2 = S Ok T ( k 4 S2 / T 1 M F 2 ) 

L = 1 


itHPRe^TjeHahify -eg - the 
ORIGIN \L IV. GO IS POOR 


MR I TF ( If-, 126 ) . 1 XI , i X? , 1 X3 

WRITE! 1 6 1 loii ) 

Ifc' fl 1' 0 K M AT ( / I X »?3ll Uris AVERAGING FOR P R A ft /8X,4)- PBAR , 8 X. 4HE3 AR 
170 r. D M T I SI Utr 

pmK = r?v/*K is i/fti 

If- ( L . f; 0 . 2 ) PiVAR - )630.^V*(SBI+S60)/WB/TIMe 

I HL.LQ.3) PR Ak = ? 600. *H V» ( SB1 + SB0) /WB/TIME3 

CALL OAR P GAR, 12., LUk ) 

C ERA R _= 1. 1 2S*C P A R 

ITKllo, 112) “PHAR,I:BAK 

K ANG El= K/ NGE*PBAP/13. 

CALL BAR ( P BAR, 40 . j FBAk ) 

NR I T E ( 16, 112) P B A R i E fi A i\ 

RANGlN = hANGE*EGAf</13. 


» 


_ E XX a BVMS01 4- S B O) / SJMD 

WR 1 TH ( .16, lf> 4) 

154 F 0 KM A l‘ ! 1 5 H vITH U E GEN f;R AT 1 0 N ) 

h* l Ti: ( 1 6 , l 60 ) k A NG F L , F A NOE M , EX X 

16 0 K. KM U (3 3- 1 _ RAN GE U TH LFAD-ACID BA TTERY = , 314.5, 6H MILES / 

135H RANGE WITH M I C< EL - /. I'l C BATTERS = , G14.5, 6H MILES / 

229-1 ENERG Y f. ON SJM D) PER MILE = ,G1 4.5,10H W -H/M1LE ) 

ROAR = l?.V*RM S2/WB 

IF1L.EQ.2I P»AK= 3600 . »( BV«SB I/wB/T IMr 2 ) 

I F ( I. . f:Q. ? ) P BAR - 3600. *( 3 V*SBI/ WB/TIMC3 » 

CALL OAK ( 3 MAR , 13. , ER-AR ) 

C EBAK "s i,12£#GBAR 

wiR I TE ( 16,1 12) P FUR , FBA K 

RANGEL = RAMGO *EBAR / 13. 

CALL B A P ( P DA R , 4 0 » , PiBAR) 

WRITEl 16,112) PBAR i EBAR 
R AN GEM = RAM GWO *EBriR/ 13. 
wF ITEIlfc ,1 A 6 ) 

166 F3RMA T( 22R WITHOUT REGENERATION ) 

LX X = IW*SRI/SJMD 

WRITF116 ,160) RANGEL, KANGEN, EXX 

L = L+l 

I F ( L « GT • 3 ) GO TO 172 
WRI TF{16,169) 

I F C L.E’J.3) WRITE! 16»138) : 

133 rC’R-'ATI 3HH AVERAGING OVER TIME OF FULL CYCLE ) 

3 0 TfJ 17 0 

172 CONTINUE ‘ 

169 FORMAT I//32H ARITHMETIC AVERAGING FOR P BAR / 8Xt 4HPBAR t 8Xt 4NEBAR )_ 
WRI TE ( 16, 1 62 ) 

162 FUR MAT! // ‘52H STE‘ J BY STEP CALCULATION OF BATTERY FRACTION USED. ) 
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wPiTi-n j,u4i "" ~ 

<an;cl * simj*. a/si ljv c lj 

k an g i- n -- s * j *, n * . i) \ l w ( :•? i 

... Mtim .'ii'UiFrkz^.i 

* AN OF -I s '.AMGEN/. 6 ' 

ex* = iv»(sai + r»3 3 )/su o ; 

*>rifE(16»L6»i ) HANGFL» RANGEN, EXX 

w-U Tf; { L t , h ftj _ „ 

KA\IGE_ = S (2 ) 

| A N 3‘: K 1 = SUMO * .3/ .’ UN (4 > 

UN GEL - < A MOLL/. B 

RANGES = P ANG EN/.U , 

l XX «* nv*sTl/SuMD 

Wit l r E ( It, 1.60) R AN3 L L_* R AN G E_N »_EX X 

KLAUUVll ) X~ 

iyx..i T.i). I G O TO 6Q0 

u'k.) ( ' . n ) x 

I V (x.JTaJ.J UO TC.i 6 1 0 

CALL EXIT 

_LVJ _ 

S J PV JJ i ! N& •) *R ( PBAK, ! 3 S E » EBAR ) 

: ms \ s \ im: w ro utine for rev a/ 1 / 77 . 

V>S{ S.’.A* )' 

, M0S L t.r:(4.l£.» G'J J_J 10 _ 

tVHs,: rn.^a.'f gg" t? t ‘ 2 "j 

•:HAlt_= 1.E-Q6 ; 

CA TO 9.) 

;_±.3 5 . *Sj_ = 13. USE LEAD - /' C I D BATTERY VALUES. 

10 to AH = 2s.!s'V3 - .rtlurX + .7a4S-02*X**2 

GT' Ju 90 

C 1"J< 3SF" '=" 4JT USF-' NI .’-ZM. RATTFRY VALUES • 

2 0 If (X .Of .3 ) X= c4. 

i:Ta k ="’2 0 . w +5 <Tat usa. 3“-x 1/ . 1544 ) 

1 U p ‘t 4 ±S LT. Q. ) L~ r> A P = 4u . H07 . 

iY kltJm 

L Nl) _ 

subroutine vehwt 

C Thlb SUM rjf I Nl; CffLCJLATEb VEHICLE WEIGHTS __ 

' ! OMMP*'! /C / WHASTb^A^ ,U EST .7, PROP, W AX » wMOT , WT CBM t WT CG*I ♦ WB, rf V , WF, 

■UOL T XM , WT R DS ♦ j- v CUK A , TO S TWtflPS >R.QTl >WCBiMt WCGM 

C( .'-'IP I 70/ CDA;"RH0A,'RAOIU r S, CO, C1»C2, RATIO ,TAXL, AO, A1,A2, RPR» SPEED! 


S P E C ? A f Ol HA 0 » R VT , L J K IH-1 , ti B AR , E F FDM , R 1 2, H/ST I » ED I » B F I , WND 1 , F REQ, 



C D MM J N ’ ' / : / » J fi A S , W> ft Y ’, W T E“ S tT w PROP,WAX,WMOT,WTCBM,WTCGM»HB»Wy*WF, 

1WGFN ,jiIK M,WGkOS, WCUkB, T ES T W , W P S, ROT l , WCBM , WCGM 

l C MMON / >/ C 0 A , RH 0 A , R A 0 1 US , CO , C l , C2 , R AT 1 0 , T AX L , AO , A 1 , A2 , R P R » S P EE D I 

^li?riLJ.^aU!LaiiJlb ^^P^ihmir:FPQW till2 i t <Y5T I «gpi » BF I i .H.NPuf. RE Qt 

2 PC CM, VERMIN, VCBMOT, CBMC'JF CBMFRQ, CBMO , CBM 1, C BM 2 , PC3M , VCGMI N » VC GMOT 
3, ? SM C JR, C j Mh'RQ , CGMQ , CGM1 , '„G M2 » EB ARM, P BARM, EF FB« X FSM, RUMP. GRPR. 
4GSPD1, GS* J2, GD_D,GR VT,GCUR ,3BAR,EFF0G ,SRI 2,3HYSTl ,GEOI , GBRI ,GWNDI 

5 ,GFR F J , T X HR 1, TXMR2,TXHR3,rXA0,TXAl,TXA2,TX3 AR.TXMT3 

' :3MM'JN"/F/ C OSTD A , CO STAX , COSTS tCUSTF , COST CB, CCSTCG, COSTG,COSTXM 

FCHM DM /F/ ^ SA( 1390). NFLA3. 1X3, FAMPI1390) .VLG. VSG.VHG 

DIMENSION 1X1(15), I X 2( 16), I X3 ( 16) , V 1 < 1390 ) , BAMPl 1390) 

If( NFUS.Mz. 0) 3.3 TD 100 


NNP= 0 

WRITE (1 6 ,5 04- ) 


IX3I 1 ) = 5H THE 
1X3 (2 ) = 5HPR .IP 


1X3(3 ) =5 HL SION 
IX3(4)=5H SYST 





IX3(*5)=5H-)E DA 
I X 3( 10)=5HTTFRY 


I X3( 12) = 5HA FLY 


! X3( 13) = 5HWHEEL 
1X3(14) = 5 H DUFF 


I X ?■ ( lb) = 5H ER. 
WRITE (16, DOG) 


WRIT !{ (16, 501 ) 
WUl TC(1 b, 5 02 ) 


WRITE! 16, 50 3) 

FORMAT ( 5 V II THIS ROUTINE GIVES CURRENT OF THE -LYWHEEL BUFFER AND) 


501 =DRMAT( 54H SUBTRACTS IT FROM CURRENT. DJRING DOWN TIME 

502 FEikMVM 54 H BATTERY RECHARGES FLYWHEEL. BRAKING ALSO CHARGES 


503 FORMAT! 5 V H FLYWHEEL. I 

504 F CRM AT l 54H AEPS SUBROUTINE VERSION 2 


RLCM AX= 


BRAKING ALSO CHARGES 



GRPR *.l 


NF L AG=L 


P 1 = 3. 141592 65 

INITIALIZE VARIABLE FOR FIRST THE IN ROUTINE 


SET FLYWHEEL MOMENT OF INERT I + IN’MKS UNITS. F+CT3R 
COMPENSATE FDR FLYWHEEL HOUSING WEIGHT. 


F IN = 2 .*WF*FSE/( X F S M *2 . *P l / 60. ) **2*3 600* . 66 
B Uf- n: K = . B 5 * ? W V* R 0 [■ l * 7 4 6 . / 5 5 0 . / 3 2 . 2 


KER = '.v'F*= S3 *3 600. 

X IFS= .7453 *XFSM*2.*PI /60. 


IS TO 



100 CONTINUE 

I F ( A. L E. D . ) GO TO 120 


PB UF = ( AF- VA* B OFFER) 
GO TD 130 


123 PR J F= D • 

IFtPO.LT. 0. ) PBUF = PO , 
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ISO NNlWi'Ml " ' ’ ~ “ 

2L0 FORMAT! /J- OH l-LYMLf. L ENER GY -• .G15.5 /15H FLYWHEEL RPM »tG15.5) 

CALL MOUBCJK) 

P SA I I ) =PCUP 

fr ( jr'iK.fr. b. ) sc tc 140 

iJf'M = iCJp »P?)Jf7A PS (P 0) ; 

iro rifucSTic UR-Rurr i 

II < p if f I . GF . o. ) c c =F E - 0 Vfe a UP n I /E F F 03 *D T* 1 00. 

Iro'/jc n.Lf .o. ) ff= r7.-RY#iJUF‘ri*EFF3G*DT/ioo. 

_r l- = n: - < h- rrrunh/i oo . / 3 s oo , » dt» ( n./ 1- er ) *»? . ) 

TiT ) 33 r'5 i7 u 

RI CH« . * (J I Hi**2-xrs* »2 ) *f IN /2./DT 

‘3=1. 

II (VA. t-j. ■). ) 0 _=3.__ 

' I F (ABS (Ki-f.m.bf .B*RECMAX >RFCH=RECH*RECMAX/ABS( RECH)*B 

1- = R E C '±111 ILL r± c ' b)»100.+BCUR 

““ FC=FfcWi:ut*DT’ 

1 7 0 X f'S = ( Ij, * r H / F IN ) « * . B 

fi : ( XF*3.'3T. >F SM6 XI XF SMAX=XF 5 

if ( x f r, . . r .xf s^t i si ) xr sm in =xfj, 

i fTxf n i l f. x i f s7i j 7) “ on f n leb ~~ ~ ” 

I F.I J._; J «N T S) W R I THU- , 2feO > F 1= t RPM 

if (i.ri.'M s ) xrs^ a x=xpsmax^6u. n, /pi 

1 f Uj. l : t._. NJS ) X F b M 1 N =X FSMIN *l 0./2./ P I j 

ir'ii f/E).VrSM<Rl'tE( f6",270)XFS^AX, XFSMIN™' ' * “ 

J 7_J_F:j RM_-\F y 1 3 I PI A X . f _ V* Ht EL = , S 15. 5 , 5 X, 17HMIN. FLYWHEEL RPM= t 315-.5) 

FAMPj I I = PS A(l )-DCJR 

„ 3 1- TIJRM . , __ . _____ 

i'f3 BJFF I = nr. j< 

3jjjr l: i s j 

3. 8 0 KR I Tfe ( lT, > SO » ‘ p I M* » XI F S t XF s 

CA L.L_ L< I I ; 

*' 2«o' r irr>,AT(7//™4TM<»«‘t.f lTwiilli ran down. called ex itim aeps, ***, 3eis. sj 

E-N'J 

SUORPJT i'«E P M 0 C. ( ^ C J R ) 

;r‘1f10.N /A/ A t AF t o S L , IWiCD, D T , FC ( 20 > 1 53 ) , FS Et J FLAGt MHPt Pt 

" 1JRMAX, P j, KPMAXt SU4PFK tSUMFC rSiJMFFR,VA ,VN,VT 
2 f bU 1 »::t i JMFEP, SJMFFN, PICT, PDd, PFY , PB , HP D , FQ , EHD , DE LF3 t PBAR 
' tCPMilN' 7*1/1 iIX/ 7NTS, RANGE, SUMD* VC,fOTE,XMPG 

v 1 C. / Kii’.lStW* A Yt WT ESTtWPR OP > WA X OTtWTCBM t WTCGM t W BtWV t WF» 
?”wGfc ,f l t R I X kOS , w Cj p.b"i t es r w» WP*S t rot 1 1 wcTbmt wc gm 

: OMM ■■ v ! / ■ 1 /_ C ! 1 A , Kfl OAf RADIO 3 tC J t Cl t C2 t RAT IO,T AXLt AO t Alt A2t RPR> SPEED I 
" l ; 5 P L I ! ' A "» , C 0 A ■%" p V f , Z IJR D M , V 1 \ K t E F F D M , R 1 2 , H Y STI , E □ I , BF I , W N D I , F RE Q , 

_2 PCb *, v C f: M 1 N: t V CiiM0TtCB^CJHtCBMFHJtCBM0>3BMl»:BM 2t P CGM t VC GMIN T V3 GMQT 
j, 3 3lr. JMFRN,C3M0,rGMl , CG M2 , ER ARM , P BARM, EFFB", XFSM, RUND, GRPR, 

AGS P I.H t GSP 02, G3 - 0 > GX VT > 3C U< y S3AR , EFF OG >3 RI 2 t 3HYSTi , GEDI > GBR 1 1 GWND I 
S , G l™R I’ i , T X~ 1 R 1 ,TXMR2,TXMF?,TXA0,TXA1,TXA2,TXBAR,TXMT3 
__CLPfMD ^ /E/ Sns ilH ,2 DSTAX ,C OSTB ,COSTF , COS V CBt COSTCG, COSTGt CDSTX^ 
cY^MM0'V7i ; /' J"SA( 1390") « MFLA 3 v I X3 t FAMP( 1390) -,VLG ? VSGtVHG 

01 MEN S 1 ON 1X1(16), 1X21 16 ), 1X3(16 ), VI ( 1390) > BAMPI 1390) 

Z THIS R3JT1VIE 'CALCULATES THE CURRENT AND POWER FOR AN INDUCTION MOTOR 

C SET INITIAL i/ A L U E S 3F CIRCUIT AND MOTOR CONSTANTS 

DIMENSION SR Am 

_ REAL I Of I jL jJ_2 ,13 , 1 4 ; 

REAL 10X7 1 OYi 10X1, I0Y1 

REAL I2X,I2Y,I4 Y, 11Y, I IX , 1 3 X 

F L UK ( X ) = ( 5. 7*( TANHl . 18226*X) )+ .1 033^X+ .5) 

AX 1 ( X , Y ) = ( S Q RT ( (X »4. *, 1033*6. /Y ) +38. 44.) - 6.2)*Y/1. 2396 

AX2 ( X, Y) = (SQRT( ( X *4 . *5 .3 53D9/Y ) + .25) - . 5 ) * Y/ 1 3. 7062 

AX3( X, Y, L) = < X /3 6 00. ) *< ( Y/Z I**l.fe ) < 

AX 4 ( X , Y , Z ) = ((X*Y)/f2600.*Z))**2 

I F ( VA. LQ. 0. ) GO TO 1000 
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TfM S J I'f.NE .O.Y G'J iT 40 

MNP =_u 

MITiM 16,1 3 47" I XL ~ 

ML IT P.( 16, 126 1 IX?. 


U'-i, 

■ (4 hiar 


"TT 

*±i.v 


In;, 

1 * U 1 


Jb POOit 


134 FORMAT II HL , IX ,loA6 ‘ 

wr n:( lea 40) tfstiwwb .rati d ; tx mr l , t x'm R 2 . t x mr3 , r ph 

140 POP.M A? {/ IX , 23HVtHlCLF TEST rt=I3HT = ,F8. 2,7rl POUND 

.. IJl X,2 VI Li A T T F£Y__rt EIGH T = . F8 ,2. 7H POUMDS 

2/ IX, ’3HAXU 4 ATI 0 = ,F8.4 ~ ~ 


3 / 1 X , 23 HT R AM S . HIGHGFAR = ,FB.4 

4/lX,23W K MI 0 SEC. GEAR = , F8.4 

§/ L*jl. i-'d. Lf.W GEAR = .E8.4 

S/IX , 2.3HMOT CR RATED POrtEfi = ,F8.1) 

PUT WH I IF Ri JJTliMt:. H tr Pf rOK CANDIDATES 
,,R llTI 16, 126) 


1:6 FfiMAr (?X, 5.1 H CANDIDATE Ml. 3 POLYPHASE INDUCTION MOTOR - 3 PH, 
l/ll'A THI S SUBROUTINE DAI El) MAR. 28, 1979. FCT ) 

X _=_6. 

“ACCJM = D. 


3 P A ( V - 6 0 . / ( 2.<‘3.14159*RA1)IUS/12. ) 

GRAI2) = DRA(3) ❖ RATI3 

G F< A ( 2 ) = GKA(3) » TXMR2 

:»PA(1) = DP A (3) * TXMR3 


GF At 3) = GRACH) » TXMR1 
GK A ( 4 ) = 13 . 

fl X = , 4464 3 F-C2 

FLUX » K u X *FL UP ( X ) 

r-LXl) = FLUX 

SET SHIFT POINT 


£ 

CC 

cc 

c 


SHIFT Pi '.I MlS HEAD INI AS DATA, 

VLG =19. 

VSG = 3 5. 

PER L Fu CURRENTS ANJ LDSSFS F OK THREE PHASE INDUCTION MOTOR 


AC VT=8V* ( .5**. 5 )*.9D33 

ei = a: vt 


SL.1P =CjST om 

SPFFDo = SPEEnf / (1. - SLIP ) 

T3RRT = RPR X SPFE'DI 

Xl OSS' = R PR *< ID'S". /fff dm - 1 . ) 

Z UK DM = ( KPR+X l, OS S ) / RVT 

a: x' = :urdm 
FO = AC X 

A MA X~~= OLlTaD’J'FC / 1 L) 0./ ( 3 . ) ** .5 

dM31=XL3S&*MNJl /100, 

HT Sl = X I F)SS#HYST T/100. 

EDI- XLC)SS< : t-OI /100. 

3FI = X_3S5*3FI /100. 


WNDX = IX1.C)SS*«N0I/10Q. )/( ( SPEED 1/3600. )**2) 

3 F X = ( XLOSS*BFI /I 00. )/( SPEEDI/3600. ) 

HYSX = ( X.3SS*HYSTI /100. ) /AX3I SPEED!) ,FLUX,FLXD) 

FOX = ULOSS-EDI/IOO. ) / AX 4 ( SP EEDB, FL UX, FLXD ) 

PF = TOTE 

SN = (1.- PF**2)**,5 

II = RPR / ( F1=MEFFDM/10J. )*»F*3.) 

SMI 1 = 11 SN 

C PER LEG .3SSES 

XLOSS = RPR* (1J3, / EFFDM - 1.) /3. 

A 3 R T = ( HVSTI + EDI)»XLOSS / (10D.*F1) 

BDRT = ( R 1 2 / 10i).)*XLDSS / El ' 'V 

PERT = URPR / 3.) + UrfNDl + 8F I ) / 100 . ) »,XL D S S » / El 

»H4 = 1. - (SLIP/Il. - SLI P) ) *DERT /BDRT 
IP (PH4.1-E.3. ) G3 T 3 690 
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•i'c R T 

:lv<t 

= PH4 * OORT 
= PORT - 0 C \ T 


CS 12 

= PORT + OFRT 


SMI 2 

- C SI 2 * (2.5 - (2. 5**2 -1 . |**.5 I 


SNIO 

= SMI 1 - SMI 2 


R1 = 

MCRT * FI/ 11**2 


R3 = 

FI /ABRT 



C m I T lift AT 1 V6 SCH EME F SR I 2 , 1 0 , R2 , U3, XI , X2 , X 3 , AND E 2 

PHL = .0^ 

PH 2 = . 04 

riR iTEl If , 981 ) 

12 ( S_N_I 2 » *2 + CS 12**2 ) » *.5 

T2S = el > <CD»T + 3ERT)/ 12**2 

X 3 = E l/I SM I0*( 1 « -*- J HI ) ) 

Xf = PM!'* X3 “ '* ~ 

X2 - P H 2 * X 3 

X = 0 

_PJF1_ s__PF • 

C SI 0 = A3RT 

/.ll = 11»>F 

XII = 11*SN 

y i o = : si o 

X ID = S N l 3 

10 = ( C S JJ3 il2_+_ SN 10**2 I*». 5 

.... * l2 _ (: 5i2>.*2 + SMI 2**21**. 5 

X 3 = Cl / SNIP • 

XL = PHI * X3 

X2 = ;H2 * X3 

S N A=S m ip / 12 

S SA = c S I 2 / 1 2 

"610 3 3MTI H UE 

X2_^_X1 

E 2 = 12 M ( X 2* * 2 + P2 S* *2 ) ** • 5 ) 

RE = t, 2 * * 2 / ( A B 3 T * E 1 ) 

14 “= r : znu 

1_3_ = (10 **2 - 14**2) **. 5 

X3 = F2 / 13 

SNR = X? ( ( ( R2S **2 + X 2 * *2 ) * * . 5 ) 

C SR ="( 3. -SNB**2)"**. 5 

SMC = S\Ia»CSB - SMB » 3S A 

CSG = CSA * CS 8 + SNA *SNB 

_ _ E£F 1 = ((El - L2_ » :SG)**2 * ( E 2*S NG ) ** 2 ) ** . 5 

XI =" iE2El**2 - ( I 1*\ 1) **2 

I F ( XI . OT .0 . ) XI = (XI**. 5 )/ II 

I F ( XI. LT. 0. ) "XI = . 5 * A B S ( X 1 ) 

N = X + 1 ' _ _______________________ 

IFl N.3T.23 f GO TO 622 

I F 1 AH S t X2- XI ) . G T. l.E-06) 3 0 TO 610 . 

G3 TO 620 

qe i =rPNAn/2SH circle diagram vectors, t • » 

1 0X,2HI 1, 12X,3Hl 0 , 13 X.2HI 2 ,13X » 2HE2 ,1 3 X ,3HAB ,11X,3HBC , 

2 1 1 X , 3 .ICO , 11X.3HPE ) 

6S0 WP-1 TE ( 16 ,920 ) SLIP 

92 0 FORMAT! 1 5H Sl_ IP EXCESSIVE ,G15.5 I 1_ 

CALL EXIT " ' 

622 WRI TE (16,986) N , ; . 

986 FORMAT (IX, I 5) 

6 23 CONTI NJE , . ; . 

10 = ( YI 0* * 2 *■ XI 0**2 I ** • 5 ' - 

PF = PF1 . * 

R2 = R2S * SLIP 

ABRT = YI 0 _ 
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V ID *X 117X10 - A ^ H T 

R2« 12**2 / FI 

VI l-ARkT-HCfU-C DRT 


10X, 5HI 0 


PRINT MOTOR CHAP ACTOR 1 ST ITS 


WRITE! 3.6, 9 R 0 ) 
WRIT £(16,932 ) 


9P0 = D»MT<///23H MOTOR CHARACTERISTICS. / 24H 

1, 22 1 I PHA.SE INDUCTION MOTOR / 3 

982 FrKVAT(3X,l5H R AT I'D POWER , 17H ' V 

T ,3.7H 90TOR CURRENT ,15rt SPEED 


15H KOI DR RESIST , 1SH REACTANCE X 


CANDIDATE NO. 


THREE 


VOLTAGE 
1 5 H 


,15H LEG CURRE 
LEG RESIST 


N FI TEUfc ,03 A) RPR,AVT,RCUR,krc, PASS , RES A, RES F, X3 

rt'< ITf:( 16,989) 

93 9 FC RMAT (// 19H PEAKING FRICTION , 16H EDDY CURRENT 


L1M HYSTERESIS , 1 1 H w I NO AGE , 19H L EA< AGE REACTANCE 

2 J.5H POWER FACTOR ,!3H SUP 


WRIT E( 16, 9P4 inr-1, EDI, HYS 1 , W\| D1 , XI ,PF , SL I P 
9SA FORMAT! IX, 8G1 5.6 ) 


ADD TO SOOPOUTINl A PORTION TO CALCULATE POWER AND TORQUE AND EFF 
AT VARIOUS AMOUNTS OF SLIP AT RATED FREQUENCY 


= 6. 2 331 85 

112/ ( (9 1**2 + (XI +• X2)**2»**. 5) 


DLLS = S X / 10. 

SLIPX = . 00001* DFLS - DELS*?. - S 


WR IT F{ 16, 910 ) 

910 rr.R^AI ( / 3 X , ^ HSL I P, 1 2X ,3HRPM , <3X, 6HTPR QUE, 10X, 5H?0W=R , 8X, 7HV0LTAGE 


1 7HCURRENT, 4X, 12HPDWER FACTOR, 12H EFFICIENCY » 


DO CSU J = 1,2 A 
SLIPX = SLJPX +• DELS 


92 / SLIPX 
( R2 S * * 2 + X 2 * * 2 ) * * • 5 


2 / 

l 

P 

12 

* 

X 2 / Z 2 


1 

A. 

*P 

R2S / 12 

2_ 

/ 

X3 



= E2 / R3 

' = I 2 Y + I AY , 

C = I2X * I3X 
= ( liy**2 + I1X**2) **. 5 


I IX / II 
1 1 Y / II 


E2 + I1Y * R1 + I IX * XI 
I IX * R1 - II Y * XI 


(E1Y**2 + E IX** 2 3 **. 5 
E1X / E1N 


[5 


















f 

h 

► 




‘CSG = 

niY 

/ "El N 

CSA 

CS B 

* CSb + SN 

PF1 = 

CSA 


fa: = 

1.1 

/ E 1 N 

12 = 

1 2 * 

FAC 

13 = 

13 X 

* FAC 

14 = 

I 4Y 

* fa: 

13 = 

11 * 

FAC 

E? = 

f-2 * 

FAC 


__ 10 = ( I 3**2 + I 4**2) »*. 5 

RPM = SPEGDli*( l.-SLJPX) 

P uWP R _= 1 ?*» 2 »F,2» ( 1. -SL IP * ) » 3 ./S L I PX -rtNPX* ( RP M/ 3600. ) *»2-BFX*R PM/ 
3 3600. 

Tl ) R = Rf'W l-R/ (TWnPI#kPM/60. I 
EFf ’= POWER / (3.VfI*PFI~*“Ti ) 

_ [F ( P 0 W L 3 . t- T . O.J_ tfj \ = l./EFF 

WRITF(1&,9B4 ) SlfPX, RPM,T3k» POWER. hi, J 1,PF1,EFF 

3 2 = I 3* X3 

660 CONTINUE 


12b t / 1 X . 16A5 ) ; 

" 132“'c r.KMA'l ”( //I XtSOirACCUM. VEHICLE GEAR ROAD MOTOR MOTOR MOTOR MOTOR 
It 62H 3 d'H MOTOR LDOY 4YST HiNJ&GF FRICT CNTR. BATTERY BATT MO 
3 tlGHTOR OVERL ACC'JM / 

__ _ F IX , 60 H OI ST _ SP F_E J P C . WER POWER S PE ED AC AC FAC 1*1 

~v, 6 Jh*k' curA l’js's ’ 'LOSS "LOGS LOSS “ POWER ’curr" EFFIC EF 

6 1 1 3. HP 1 C ENERGY / ; 

“Tix»6ohmills PT/sirr"" watts watts rpm volts amps top. wat 

(> . 1HT 

7 , (, OHS WATTS WATTS WATTS WATTS 'W AT fs ” WATTS . AMPS PERCT PER 

d,9HCT WMRS ) 

At) CO NT IM j E 
N= 1 

if ( va.gt.vh'ji'To re 10 ' ’ 

I F ( V A . GT .VS G ) GO TO 20 
“ NG=1 
00 TO 30 

ID "JG=3 

on TO 3 0 ' 

2 0 M3=2~ 

C OPS HI FT IF ACCEL E RATI ON I S EQUAL TP ZERO , OP. SMALL. _ 

1= (Ai)S(A) . LT7i).3 0 ) NG = 3 ’ 

30 CON TINUE _ 

C SET RPM”A>Ur OR I V F TlNE'”MEC H AN ICA. LOSSES 
NX = N3 

3 3 M=TA * G R M3I/T XM R L 
PA = PD 

0 TOR = 7f6“T '(RPM^Ai) + ( (AUS(PD) )*6Cf.O/ (1.356*2. *3. 141 59*P.PM ) *A2 ) 

A X PR = ( DT 0 K *k 3 M » 2 . * 3 .141, 5 9/60. ) *1.3 56 

PD I = PA + -AX PH 

R P MX = RPM 

RPM = VA*GRA< N G) 

TM PR=TXAO»(RPM*TX A 1 ) + (AOS ( ? PI )»60 ./I 1 .356*2. *3. 14159** PM) » TXA 2) 

TM PR - TMPRf (l.+R'PM/RPMXK‘.5 ‘ 

TMPRg (TMP* »PPM*2. *3 .14159/60. ) *1. 356 

Pf) I = P D I + T M P K—K M P G 

PDI M = P01 . 

PDX= RFXSR^M /3600. 

BFXM = PDX 

POX =:>3X +■ < WNDX*( ( RPM/3600. )**2I) ' 

MMDXM = PDX - BFXM 

PD1 = PDI+PDX 

B VB =( B V - CBMl )*(.5**. 5) 
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I ' KIN) PL'LClKim ‘•’CflR CJKkKMT AMO IRON LOSSES 
_i terojti v t: schrif f or motor current per leg and for pcmer factjr. 

3|(X - 3V3 

PPL = POl / 3. 

TCk = PI) l / RPM 

SL I PX_ = S. IP«T3K/T3RRT I ’ 

'•i = J 

xx=o 


Ilrr-T rCT 1 ” JIY OF THE 
Mi ..'AO f" AinSTOTT 


!F (PPL.LT. O. >SK =-SK 

I F ( SX.LT.-. 45) SX =-. 45 

Q=K2*-‘2/ ( U**2 + 2,^ UR 2 + ( ( ( X1+X2) •RP'i /SPEEDS) **2)*( 1.+2USX) 

1 /ll .-SX )»»2 ) 

tf?=(y#*2 + d>**. 5 

IF (PPL ,.r .0 , )SX=j2+3 

I F ( PPL . J T. d . ) SX - j2 -0 

_ IF( (MSI SX) ) « j T. 0. ?.) SX=. U SPFEOB/RPM 

I F ( SX . GT .3.6 )SX=.6 

I F t A IT S ( S X - SX 2 > . L f . I . f£ -3 7 ) G r J TO 633 

64 8 Cl DM TIM UP 

53 3 CL'M TI MJE ; 

N = M ► 1 

„ IT < ABS< S L IPX). jT« SX) SLI PX = ( l,-.l**N>*SIGNi(SX»PPU 

RPA = PPM/ (1. - SL IPX ) 

XPPM=R P A/S P EFPR 

IF (RPA*. - U SPEEDS) BVX=RV3 ; i'( ( l.-.0S)*XRPM*-«03) 

FI = 

I F ( N. E 0. 1 ) F2 = 1:1 

R 2S = K2 / SL IP X 

LI - (R2S**2 + (X?>XRPM )*#? )**.5 

1 2 = F2 / l?. 

12X = 12 *( X2*XIUM ) fll 

I 2Y = 12 * R2S / LZ ' 

I 3X = E2/( X3* XP.PM) 

I4Y = £2 / R3 

II Y = 1 2 Y «■ 14 Y 

I IX = 12X J f I 3 X 

11 = (UY**2 + I1X**2)**.5 

__ SNB = II X / II 

~ C $3 " = 1 1Y / II 

FIX = 1 1 X » R1 - 1 1Y »( XUXRPvi) 

FI Y = F2 + 1 1 Y * Ri + 1 1 X *(X1*XRPM) 

_ F1M = (3 1Y-fc»2 + £ 1X»* 2) »». 5 

SMG = FIX / FIN 

DSG = £1Y / FIN 

C SA = 3 S3 * CSS «■ SNR * SIMS 

Pfl = CS A 

FAC = FI /FIN 

12 = 12 * FAC . 

13 = I3X * FAC 

I 4 = I 4Y K F AC ; 

I i = l 1 * FAC 

F2 = F2 » FAC ; ; 

'10 = (13**2 + ,14**2 >**.5 

RAT = t I 2**2) *R 2/PPL ( 

RAT 2 = RAT *(1*-SL IPX )/SLIPX 

U ( RAT2. ST. 1. ) GO TO 632 

IF(MXX.GT.O) G3 T3 634 

S LIPX = (L .-.5 **(N+1 ) US 1GM (SX* 3 PLJ 


r ' 3. 

S X= a- ^ ( SX ) 

33 6--j [=1,1} 
S X 2= S X 
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C70 

^2„NX*_=i _ 

ill- SI Ii’X=SU PX/PAT? 

t :l) CON TIMU F 

f>( ms (HAT 2 -l.).LT.l.E-U6) GO TO 640 

I = ( A3 S ( BAT 2 -I- ATX ) . L T.1.F -3B ) GD TO 642 ‘ 

HATXs^T 2 

IHM.GT .2 *3 ) GO TJJ 642 _ 

I = t*Ai7j( SLT Px'l.LT.'f', E-06 ) Gil' TO 644 

GO TO 63 0 , 

12 = V. " '' " ' ’ ' 

1 I_ = I 0 _ _ _ 

642 fcrri j'ue 

PM MX = 1 . * R A_T2 * PPL-wNDXM-Bf- KM 

V7f! I~f E Tl 6 » 9 01) ® D I iT t P M M X 

93 1 FU kM A TJJ. < » 45 EXCESSIVE POWER REQUIRED »♦»»*»»»♦ , 

13< t23HKF ; 3J IKEO MOTOR POv.FR = , F12.2, 21H AVAI.A3LE POWER * , 

_ 2F 1 2%2 ) 

640 CO NIT IN Jf 

F? =_ 1 3 *_X3 -X RPJ 

pfx p'r i ~ 

p r 3 = j f i 

FLUX = n*SPErJB*FLXlV ( RPA*FX ) 

XL 0 X_ =__ A>_S( F L U XJ 

HYST = H Y S X 4 A X 3 ( R P A » X L U X * F L X 0 ) 

EDO Y~ c NX* AX 4 (RPA, X LUX , FLXD) 

IE~( A 8 S( I 1 ) » GtTTanA X/2. 1)11= I14AMAX/(2.*ABS( II ) ) 

Bl- J k= (2. )»» . 5»ll*WX*PFX/( 3V-CBM1) 

I F ( AP S ( PC JR i » GT . AM AX > BCJF; = BCJ R *AM AX/ ABS ( RCUR ) 

'500 2 D M T 1 ~vl UL 

I F ( ( ''C JX • GY .0 . )~. AND • ( P D. L T • 17 0) ) 8CUR = 0. 

_X i_2J 1 _ =__( ( J 1*42) * R 1 + ( 12**? ) *R2 )*3. 

' a: UK = •?.**. 4*1 1 

IF ( AC J K.L b. AMAX ) G O TO 530 

WRl TF ( 1 4 i 9 30 I ACUR * AMAX 

AJ-URfAMAX 

X 1 2R=ri2R-T. *( 11442-1 AM AX/3‘. ) ) *R 1 
530 CONTINUE 

""P3 = 7* ) I ‘1 +• XI 2R F EDDY + HYST + WNOXM + I3FXM 

PB A = PB ; 

SET PGwFR LOSS FOR CONTROLLER 

P LX= J JNlT l_JJ_ L D S S t -* B A SE =3 4 SB JUNCTI ON LOSS, PSWT=S W ITCHI NG LOSS 

P BX = Cm H 3 +A 3S T C BMl*ACJR)+(( CBM 2 * A'C U R * * 2 ) / 9 ) 

_ P.3 A SEj (_ * ( AC U x/90) ) 4 AC UR/ 5 

PSWT= \C'JR *3V*'i. 6/1000.. 

PSA- (PdX+PBAi5E+PS WT )*11 ./ 9 . 

Pfl = PB f PB X 

HOUR = IJ B/BV 

PBMAX = 1 .2*0LC-A0*RPR / EFFDM 

I_F ( ABS( P 3 ) . GT.PBiMAX) PB = P B» PBMAX t AB5(PB1 

IF ( ABS ( BCUR ) .GT .AM AX ) 3CU1 = BCUR*AMA X/AB S( BCUR) 

PB Ak = PB / W3 

IF(PB.F3. 0. ) °B =1. E-08 
IF (PD. LJ .1 . ) 3 D = l.E-08 

I c (ACJR.GT. AMAX) "wHITEdF, 930) ACUK, AMAX 
930 FORMA T( lXt 45H »»***»»»» EXCLSSIVF CURRENT REQUIRE!) ******* t 
l?'k ,23HREuJ IRED CJRREMT ' =,F11.3,21H AVAIL. CURRENT = 

2F 11. 3) 

SJMO = SUM Jf-VA-O T/ 5280. r — ! ' “ 

IF(Pi)IM.Ew.O-) P 0 1 M = l.E-08 
I F ( PDA. EQ. 0. ) PRA = l.F-08 
XMEFF = 100. 4J0M/PBA 
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X't*‘LV» ; = L33.*PD/- r .V 

II' ( P.) »LT»0 » ) XOCFC = l OU . ft PR/ P D 

iHPMi'i.-.T.d.l x*i>f>=ioo. *pba/pd'im 

AlCJWi = A C C IJ M F PB*DT/3AO J . _______ 

If ( '1 D -) ( M N P , 3 fc I . f«ii: . U » SC TP 2 48 

WR IT E! 16, 13 4). IX 1 

«Pirr(l6fl26 I 1X3 ' " EUv . 

T l ( it, 126) 1 X2 Oltlaiv i', ! 0F Till.: 

wp n F ( lb , 1 43 )T> S Tn, WR, RATI 1 , TXMR 1 > TXMR2 , TXMR3,RPR 1S POOR 

_J<P1JJL ( 1 i> » l 3 2 ) 

243 CONTINUE 

_\UP = .NNP_±_J _ 

~«wTYr7i& f 1 3 Si SUMO , VA» 'l\iX»'°D» PDfM, RWt'RVX", ACuTt P F3» 

1 _ _ X 1 2 R , EDDY , HV ST , 

2«KO> -i, Bf-'X M , PBX , Pti T PC, UR, XMEFF, xnEFF,ACCUM 
I?g = (.KMAT( IXtlFC. 4, If 7.3 , I ?. , ? F 7 , 0 , 2 F7 . 1 , F7 . 4 , IX . 6 F6. 3 . 1FR .0, 1F7. 1 
1 , 2F6.2, IF D. 2 J 

„ 7 ^) return 

1000 ! 1CUP=U.' 

KPM = 0. 

ACJK =3. 

P31M = U. 

BVX = 0. 

< I 2 I! = 0 . 

LDDY = 0. 

MY ST = 0. 

ii = j. 

I 2 = 0, 

wuori = 3. 

B F >. M = J. 

G'j'n sou 

f vo 

SUL' ROUT I NF AEPSIBCJF , I ) 

S THIS SUBROUTINE CALCULATES THE PLiwfcK FROM T HE FLYWHEEL VIA A CVT 

C TL PROVIDE ACCELERATION A" J BRAKING. RECHARGE DF THE FLYWHEEL OCCURS 

: W 8 EN T HE AC CEL ERAT I ON EQU A LS 7. ERG. 

COMMON /A/ A ,Af ,BSE,BV,CD ,~ DT »FC ( 2 0, 1 50) , FSE , JFLAG, MHP, P, 

1 PR MAX , PD, RPM AX,SJMBFR, SJV1FC, SUM F FR , VA , VM , VT 

2 , 5 iJ M ' T. , S U MF E P , S uTl FEN * P 1 C E ,~P D B, P EY , PRJ HPQ,FQ, FHD, DELFC , P3AR 

Cf.MMJN 73/ I X 1 , 1 X 2 , V TS , RANGE , S UHO , VC , TOTE , X MPG 

"~C CTM'IC'I fU W BAS » Jv P AY , N T E5T , WPRO P » WA X » WMO T , WTC 3 M » WTCGM » WB » WV , WF , 

1 vi j F M , w TX M , W S RGS ,WCURB, TEST W , WPS , ROT I ,WCBM, WCGM 
COMMON / J/ CDA ,RHDA,R4Dl i JS , C 0 , C l7c'2 , RATI C » T AXL , AO , A1 , A2 , RPR, S PEEDI 

1, SPEED A, LiLPAD, KVT, CUR DM, WGAR, EFFD M, R 1 2, HY STI ,EDI t BFI tWNDI ,FREQ, 

2PCBM, VCBMI Nj ; VC 3M0T , C BMC JR , CBMFR Q, CBM3 , C BM1 , CBM2 , PCGM, VCGM IN, VCGMOT 

3, C GMC JR, C3 MFKJ, CGMO,CGMT ,: 0 M 2 , F B A RM , PBARM,EFFB ,XFSM, RJND, GRPR, 

4GS P01, GSPD2, GOLD, GKVT , GCUK, CHAR, FFFGG, GRI2, SHY STI , GEDI , GBR I ,GWNDI 
5, GFPEQ, TXMR1 ,TXHR2 ,TXMR3 ,TXAU ,TXA1 ,TXA2 ,TX BAR, TXMTQ 
COMMON /E/ CD STDR , COSTA X, CO STB ,COSfP ,COSTCB , COSTCG, COSTG »COSTXM 
COMMiiM ( p/ P S A ( 1 3 ? 3 ) , N F_ AG, 1X3, FAMP ( 1390), VLG, VSG,V83 
D I MEN SI D \< I XI ( 1 6 ) , I X2 fl 6 ) ,~I X3 ( 1 5 ) , VI ( 1 390 ) , BAMP ( 1 390 J 

IF(SJMU.NE.O) G3 TD 100 


NF LAG =1 

W R1 TF( 16,213) * 

W R I T E ( 16 , 2 02 ) 

202 FORMAT! //45 H SUBROUTINE VERSION OF JAN. 9, 1979. FC Y ) 

21 J FORMAT! IX, 51HTUIS PROPULSION SYSTEM USES A FLYWHEEL AND CVT FDR , 
1 5 J HACCE. ERAT ION A V D DIKING, FLYWHEEL RECHARGE OCCURS WHEN A=Q. J 
C INITIALIZE VARIABLE THE FIRST TIME IN' THIS SUBR'OUTINE. 

PI = '3, 14159265 

X k C = 2 . 1/ 60 • 

RECMAX = GRPR* .37 




\j\iP=d"" " ' ‘ ' : 

_$ p ef- A^m^xrc 

TCRKA r’"=" 3 ki’R/‘( XF SM* X~RC ) 

WRITE! 16t 2 70) IPX H A T ♦ OH YST1 .GEO! »GRkI 

27:) FORMAT (/ 1 X , 1 5 DRAT FP TDRQJF = » G15.5/1X, 15HSPIN T3R3UE = ,G15. 

1 5, 8 H P FRCE NT / 1 X , 1 5 1 ( PERCENT CREEP = ,G15.5/ IX, 15HW INPAGE T3R. = 

?. , G15.5 ) 

C SET F LYWHEEL MOMENT IJF lMffK ri * IN MKS UNITS. F+CT3R ,66 I S TO 
: iompesisate r- 3 o flvwiiei l housing WEIGHT. 

_ F 1M=2. »WF »FSE / ( XF S M »2 ,»)> 1/60. ) **2*3600*. 6 6 

PER = wP * FSE * SYOO. 

, f ,J_0_ =J M A L L £ R f_l._y.WH F E L 

BJFFAO = .70*WV*'On*746./‘:50./32. 2 ' 

XI PS = .7 * XFSi ’1 * XRC 

~ xf"s = x‘ip”s 

FE = ,5 a r IN »( XFS»»2) 

Gf- AX = ( « Afil US/ 12. > *R AT IO/XPC 
CXR 2 _= GSPJ 1 / SPF EDA 
I < 3 ( 1 I = 5»i THIS 
_ I_ X 3_( 2 ) _= 5H PROG 
1X313 ) = 5 Hi? AM u 

I.K3.KJ = *3 US FS A 

I X is < 5 T = 5H S.JBK 
I X 3( 6 ) =_ SHOUT! M 

I X 2l 7 ) = 5 HE Fc “ “ ‘ 

1X3(1) = 5HM0PFL 
1X3( 9) = ' ~5H THE 

1X3(13 ) =■ !: HC VT 1 _____ 

1X3(11) = H'ITj TkA 
1 X 2 ( 12 ) = SH'ISrR 
1 K 3 ( I 3 ) - 5 H PPwE~ 

I X 3 ( 1 t) = 5 HR C 1 

1X3(1 J) = 5 HA FLY " ' — 

_ J_X3 (15 )_* 5 IIWHEEL 

100 3 D .MTI MUH “ 

IF ( A.L L. 0. ) GD T~ 120 
P B UP = A"« VA * DJI FAC 
53 TD 130 

120 PBUf '="'0. " ' ' 

IF ( P0.LT.3 . ) PBUF = PD 

‘r : 0 CONTI HUE 

CXk =_ GRAX * TXMT2 
I F ( (7 A .1 T . 3 0 . j CX'R = GRAX * T X MR3 

I Ff_(_V \ _o Ci T • 7 C. ) CXK = 3 RAX * TXMR1 

XPSS‘= VA * CX R 

XPRS = XPSS XRC » CXR2 

-(ATI ” XPRS / XFS ' 

RECH = J . 

I F ( VA. EO. 3. ) G(J TO 170 

II (A. DC. 0. ) GO TD 170 

RECH = . 2 * ( X IFS **2 - XF$**2)*FIN/2./DT*1.5 

IFJ ABS(RFCH) .GT.RCCMAX) RECH = RECH*RECMAX/ ABS( RECH) 

170 CONTINUE 

POUF = PBJF-KFCH 

CVTIT = PBUF/ XFS " ~ 

TREFF = CVTEH XFS , RATI, C VTI T,TORR AT ,GHYST1 ,GEOI ,GBRI , S PEED) 

iftPBJ F.GT .0.) PFL / = PBJF / TREFF 
IF ( PiVJF. LP. 0. ) PFL Y = PBUF * TREFF 
XMPG=P BUF . 

RPM = XFS/XRC 

IF (MODI NMP,36) .NE.O) 50 TO 190 
WRIT E(? 6 , 260) F E , R P M 
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1 


ICO NNP^'HHI 

z a ll, * m dc ncjsj ... 

.-il'li f: ( 15, 223 j HP'S PE, PBUI ,”PFLY,TREFF” 


HIT?/* L 

TYPT 


11 


»Y” ( )I' V " / £HS' 

■1 IS POOR 


220 =rp iAr(ix. 7 -iKP,M = 


■xfilltlLLil 


±L_= ,G15.5,8H 3 OJF = » G15. 5t 


C H TKfcPP = ,G15.5 ) 

_Pb U 1 1 -r- JX JR 1 

i* I = FF - PPLV^LH -( (FEP*RJND/100. )*DT/360Q. )*( FE/FER)**2 
PC = P'i * PECH 5 !• 31 


.2jL£L 


in I.EQ.NTS )tvRIT P(lf, 2fO)FE,RPM 

fIG Y = « G1 5 . 5 / 1 5 H FLY A HEEL 

XFS = ( ?.*== f F f M »<«<*• 5 
RCT JK ]_ 

E MO 


■Ren = i.gi .5 ».s i 


FJN CT I.JM 
THIS 
TRANS 


FJNCT I n M 
MI SSI ON. 


CV1 E F( < } S, RA TI U , TORQUE , TORK A T, SPI NT ,C R £E P, VI SC, SPEEO) 
u W I 3 


THE EFFICIENCY 3 F A CONTINUOUSLY VARIABLE 


C RPS IS SPEED OF INPUT INI RADIANS PER SECOND. 

C __ T fJjyj F I :> I N NE WT ufi-ME TERS . 

S T3HR A T IS <A T‘ J TORQUE. 

c spi_nt_Is St»n tj.uu c in pexsent jf rated 

C CREEP 1 ■) PERCENT CREEP AT 
I VISE I S )*\'i PROPER SrtNAL 


TURQUE, 


C 

C 


SPEED 

SPFEU 13 < A TF f) 
’MAX TjTjj, 


RATED TORQUE. 

Tf SPEEO AS PERCENT 


SPE 1:0 IN RADIAN PER SECOND 


IF I TDK 3JC. CQ . 0 . ) 
JET = 

A 


torque. 

TO 100 


VI SC*TCKl'AT/iJ3./SPEF0 
= < 2 . / R A TT u) / ( 2. - SPI NT/1 30. ) 


r:PvJA = A«s(Ti.iujci 

TCP O I TUP QU A - PET* R PS - -> P I NT *T OR R AT / 130 . ) *D 


OF RATED TORQUE AT MAX 


TDKUI = TDRQUA / RATIO 

iFire r.-^A.i f. . .) . ) t O ku a : 


. ?. 5*T0 RO 1 


TC FEE = THKOA/TOKOl 

: <Ej' '» A = :R6EP*T.JKQUA/( TORRATnOO, 
SPFFF = l.-CREL-PA 
C VTCF = TGREF* SPEH- 


: 33 


2 F TOR 1 
CVT EF = 1 
R r TURN’ 
END 


SJBRDJT INE 
COMMON /A/ 


p'MJC (BCJK ) 

A , A F , 3 S E , B V , : 


3 T,FC<2 0,1 CJ ) , FSE, JFLAG, MHP, P, 

J J M A X , S J M R F 2 , SUMPS , SUMFFR , VA , VN » VT 


1 POM Ax, P ')» sc • - , . 

2 ,S JM 1.":, SUMTEP,SUM PEN , P 1 CL, P OP , _PE T , PO,HPP,FQ, EH 13, DEL FC , PBAR 
CUMMIN /VI.X1 ,1X2 /ITS , PA DUE , S JM[j\ VC , T QT E , X MPG 

_JL CM H .3 N / C / ' ,< P A S , ivM Y , tv T b 5 T , W P K 0 P , W A X , W M 0 T , W T C R M , W T C G M , W B , W V , W F , 

1 nGEN mTXM, IvGROS, wCUi<3,T ES T a , R PS , ROT I, W CBM, HCGM 
C3MH J A /3/ ZDA , iHOA , R AD f US , CO , Cl ,C2 , RAT 10, T AXL, AQ, Al, A2 ,RPR, SP EEDI 
1, .3 P E c 5 4 , 0.'iAD,RVT,CJ^DM, RBARfEFFOM.RI 2,HYSTI ,EDI ,BF I ,WNDI .FftEQ, 


SDMMJ A 
1 , .3 P E c 3 4 , _ _ 

2 PC, P M , V C P M I N 


/:/ :PA , iHOA , R AD I US , CO , Cl , C2 , RAT IQ, T AXL, AQ, Al, A2 ,rpr 
r '3.'iAD,RVT,CJ^DM, R3 AR f EFFOM , RI 2,HYSTI ,EDI ,BFI ,WNDI ,F 
l M I N , VCBMUT,CBMCJR, CBMFRQ, CBMO, CBM1, CBM2t PCGM t VCGMIN 
, S 3MF RQ , C SMO , C3M1 , CG M2 , EB ARM, PBARM, EFFB,XFSM ,RUND,GR 


2PCRM , V CPMIM, VCBMUI , CF3MCJ R, CBMFRQ, CBMO, CBM1, C BM 2 , P CGM ♦ VC GM I N t VC GMQT 

3 ,: cm: Jr, : 3 mfrq,c 3 mo,c 3 mi,cgm 2 ,ebarm, pbarm, effb,xfsm ,rund,grpr, 

»GSPJ 1 , C,SPU 2 , G 3 L D , GR V T , GC , GB A R , EFF-PG ,GRI 2 , 3 HYSTI , 3 EDI ,GBRI ,GWNDI 
5 , GF P E Q , TXMR 1 ,TX MR 2 , TX MP .3 , T X AO , IX Al , T X A 2 , TX BAR , TXM TQ 
SUMMON /E/ C 0 STUM, C QSTA X , C 0 STB ,C OSTF , CO STCB, COS TCGtCOSTG, COSt XM 
CUMMJSI f?t PS A ( 1390 ), NFLA .3 , 1 X 3 , FAMPt 1290 ) , VLG, VSG,VHG 

_-■> IMF NS I ON 1X1(15), 1X2(16), 1X3 ( 1 6 ) , V 1 1 1 390 ) , BAMP ( 1390) 

THIS ROUTINE CALCULATES THE CURRENT AND POWER FOR A SHUNT WOUND 


SFPARATcLY EXCITED DC MOTDR. 


SC T INITIAL VALUES OF CIRCUIT AND MOTOR CONSTANTS 
DIMENSION GRAI 4 ) 


FLJFIX ) 


(5.7*( TANH( .1B2?6*X) »+ .lOSS^X + .5) 


221 




.( <f V) -( f/JKTM <*'4. 1 / V H-38.44) '-6.2 1*7/1.2396 

< Xjt Y ) = 1 SH r< ( X *4.»to .ft5309/V )+. 2 5) - . 5) » V/13. 7062 
AX3(X,Y,Z> - ( X/iir jj . »*<(// Z)**1.6) 

AX4( X, V ,7. ) - { ( X»Y) / n600.*Z) ) »»2 

IF(V A. i\}.,) . ) GO T'J 1000 

ifisj^o.nl. o . ) g o 10 AO * J 

mmP = o 

f HUT WI<H': CAMPU ATE S 

WFITF C S ,'.34) I XI 

1 3- l‘ ( 1 1 JL , 1 X t 1 h f: 5 ) 

,v!<IK:( AO >1031 W,wO,KAT! 3 » T XMR 1» TXMR2 , TXM* 3 ,RPR 

! AO 'OP-vlVn /!_< *T3;iyj r :,LirLtLICSl .HE IGHT = , F8.2. 7H POUND 

1/ IX* ,22 f HR Y a*: luH T = »F8. 2, 7H POUNDS 

2 /J. X f 2 5 MAX I. Ji _K:M_n = , H3.4 

VlXt 2'iHTsANr*. HIGH GEAR = ,P9.4 

___ 4/ IX * 1 2 JL R *Tn Ohr. „ GC AH = t P8.4 

5 /?. Xt .? ? S I LOw GEAR = ,FR.4 

.MLh.yj omr:!- ratlj pl-wcr = *fb.i) 

WRIT i‘: ( X >.> *134) 

1 34 Hjjmr (3.;* + 3 1 1 can. pi pat l - no. 2 separately excited pc motor. »_ 

127H V r n S I ' ) \i "uF JAN." 4* "l°79. ,3HFCY _ ) 

X = b. 

ACL iM = J. ” ■ - 

_3UJ )) =■ _6 0. /( 2. YE. 14159 * R ADI US / 1 2. ) 

GR A ('? ) = < y< A (?") * RATIO 

GPAJ2 )_ ~ ORA (J ) v T X M R ?. 

GUI f) =“31 “( i) * TXMR3 

GRAI3 ) = GkA ( 3 ) » TXM Kl _____ 

3 R A ( A I = ’ L . 

_ RE S F L - !•_( 10 

“ijRES ' = CAM'? " ~~~ ~ * " 

XL CSS - RPR* <130./ EFFDM - 1.) 

' c Tef fiflJ <Isi stan:;i. to give fielj i** 2 *r losses'of .15 of total I 2 R 

< R = 1_D 

RE s”= ( XLPS si RI 2 /Too. ) 

fjr = xR*<is_/Rvi 

r.jKOM = (rpr+xi nss)/p.v7' 

ASX = CJROM - F1K 

RE s = ( iV- xkl * R F S> ( A : X**?x 

x CJrl = _ AO<__ 

8VX = ' V-PES* At X-CBM1 

FL X = l YX /I SP LED I A FLUFI X) ) 

FLJX ~= >LX*rLur < K T 

F L XL) = FLJX 

rLX2~= ”x*Syt<T( .2500 2,6) 

FQ = MX 

AMAX =‘ OL'<Aj*F J/100. 

RESFL = RVT/ ril 

HYSX = ( At. OS S 1 * HY S T I / 1 00 . ) / AX 3 1 S P EEDI , FL UX, FL XO ) 

WMOX = ( XL3SS-WN0I/1OO. )/l f, SPLE0I/3600. )**2) 

FOX ="TX.0SS *EDI/ 100. )/AV4« SPEE3I , = LUX»FLXO) 

AFX - ( XLuSS*BFI/I03. ) / I S P E EDI / 3600 . ) 

f:rx~= i.a*riR 

FCRZ = ? .»F1R ; 

FIND SHIFT POINT 


C PRINT MOTOR CHARACTERIST ICS. 


I' rtlUTEI 16, 980J 

I WRITE! 16, ^8.2 ) 

j 980 FGKMATI///23H" MOTOR CHARACTERISTICS. /17H CANDIDATE NO. 2 /) 

C Vf32 FDRMATI 3X, 15H 1ATED POWER ,17H VOLTAGE »15H ARM. CJRRE 
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WR IT!' ( 16,980) 

y 9 9 r r, r a at ( / / i 9 n gearing frictio n . 16 H eddy current 


11*50 HYSTERESIS) ,111-1 WINDAGE , 19H FLJX CONSTANT 

WNO l =XLDSS*WNDI /100. 

HY S 1 = X L OS 5 *riY S T 1/100. “ ~ “ ~ ~ " " ~~ 

CH = XLCiSSfrEDI/lOO. 

3 F 1 = x_aS5*3FI /100. 

K R 1 T £ ( 1 S . 9 8 4 ) B F 1 . F D 1 » HYS1. WND1 1 PLX _ 

S84 =CRMAT(lX,6fl5.6 ) 

WRIT E ( 16, 12 6) J X_2 _ __ _ : 

12b FORMAT (/1X,16A~6) 

x P I T F ( 16. 1 32 ) 

122 FORMAT ( / / IX , 5 DMA Z C UM . VEHICLE GEAR ROAD MOTOR MOTOR MOTOR 
_ 1)6? H ARMTR ME TO !■ EDDY HTS T WIN D AGE F RICT CNTRc BATTERY BA TT MO 

3, ] EH TO R QVFAL ACCOM / 

SIX, 60HDIST S PEED ROWER POWER SPEED VOLTAGE CURR • 1»I 

4, fcOH#R ClJKR LOSS LOSS LOSS LOSS POKER CURR EFFIC EF 

5, 1 IMF 1 : ENERGY / 

61 X, 6 OHM *1 _ L. S FT/SEC WATTS WATTS RPM VOLTS AMPS WAT 

6, 1 III 

7, 6 QMS WATTS WATTS WATTS WATTS WATTS WATTS AMPS PERCT PER 

9 , 9 HO T W »HRS ) 

40 CONTINUE 

M= 1 

IKVA.GT.VHG) GO 1(1 10 

I F( VA.GT* VSG ) GO IU 20 . 

NG = ! 

GO TO 20 


30 ' 


20 NG=2 

C UPSHIFT IF ACCL-LERATl UN IS EQJAL TO ZERO. 


IFtA.Fl.O. ) NS = 3 

3 3 COMTINJE _ 

: SET HPM AMO DRIVE LINE NiECll AN I CAL LOSSES 

NX= MS ^ 

RPM=V A*"GRA ( 3 )/l XMRl 

PA = pn ____ _ . 

□TOR = AO + (RPM*A1) + ( < A 8 S( PD) ) *60» 0/( l73Vdf*2. *3. 14159*RPM)*A2 ) 

AX PR = (or 0R»RPM* 2 .*3 .14139/60. )*1. 356 

PDI = PA f A XPP 

RPMX = RPM 

RPM=VA*GRA (NG) 

TMP R = TXA OH RPM*TXA1 ) H ABS( PDI )»60./ ( 1 .356*2. *3 .1 415 9*RPM)*TX A*2 ) 

TMPK = T M P R * ( l • +UP M / R P M X ) *• 3 

TMPR=(TMPR*RPM#2. *3 .14159/60.)*!. 356 


PD 1 = 0 I +TMPR-XMP3 
PD IM = P 131 


POX=OFX*R PM/3600* 

3FXM = POX 

>D* = P DX f ( WNDXH (RPM/S600. J **2> ) 
wNDXM = PD X - BFXM 
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F 


» 








T 


pji = p31f;>dx 

wk = iy - cb v '1_ _ 

l = ( “A p m 7 l f.”s p if if n ) b vx = 1 .i*bvx*rpm/s pecdi 

I ■ MMX = 2.1 * RPR 


IF (HP 1 .LT .SPFron PMMK = 2.1*RPM/SPEEDl*RPR 

I Li PJJ I • ST. PMH X) a K I TE 1 16. 901) * PDI.PMMX 

P I NO ELECTRIC A- "IjT)!', CURRENT MO IRON LOSSES 

_ IT i£L0 I -_L.T . OO T ,3 2 33 

TRIAL VAL'JI ''if F I ru' CURRENT AND ITERATION FOR ARM AT J RE CURRENT 
270 F.JX = AUSIHVX-U U-S+BRE S ) *P0I /E VX) ) /RPM 


?.eO 


N=1 

PCR _f rCUR IFLUXt FI R.F LX) 

fF(FCx.nr.Fr.RZ) r-a = i.oo"i*f:rz 

IFIFCR.iST. CP7. J FLuK = F L< * (FLU F ( 6. *FCK/F IR )) 
XL UX = ""AH S ( F LUX )~ 

HY ST = HYSX»AX3U XLUX.FLX3 ) 

rS'TV = rr >X *AX4 (PPM.XLJX, FLXD) 

M)X_= JO I_+ NYST » r-ODY 

N=N+i 

IF IN. ST. 3)) 00 TO 245 


IF( FL JX.3T. 0. ) XL Jk = PDX/(RPM*FLUX) 
IFIXCJH.Gr . AM AX ) X C.i R = 1.0l#AMAX 


24 5 


8VA " (WX - ( P. fc-S + Prs F S ) * ( X C UK ) 

I F ( BVA ,.E. 0 . ) BV A = ( . 9*»N) *3 VX 
XFLJX = Tv A? RP 

E R_ =_ F L.UX-XFLUX 

IF(A3S(5R».L C. 

FLUX = X F LJX 

SC TO 260 
CD NT IN 1C 


l.E-09) SL TO 240 


IFIPOI.Gr 

ITIN.ST. 


.10.* PM MX) GO 
32JCALL FXIT 


240 


CONTINJt 

IFIFCR.LT 


TD 9 03 


.f rpx ) s ! TD 280 


NX = MX -1 
IF(MX.LE.O) 


G3 T3 290 


PPM = VA*GRA ( NX ) 

8 VX =3 V - DO Ml ' 

IF ( PPM. _T. SPEED I ) 3 VX ‘ 1 . i *3 VX*RPM /SPE'EDI 

WRITEU5 .923 ) NX 


920 FORMAT! 2CH 
GD TD 273 


SHIFT DOWN TO NS = 


13) 


2 90 B VX = 3VX*.?d 

NX- 1 

TF ( BVX .lt'. ,'j i'F 
SO TO 2 70 


GO TD 280 


280 CONTINUE 

IF I ArtS ( < C J R ) . GT UMAX) 


XCUK 


XCUR+AMAX/ABSI XCUR) 


a: up = xcup 
I F ( A 3 S ( FC* ). 


• RX 


BCJR = XLJK + 
X= BVX/8V 


FCR 


XI 2R = I XS UK 2) *.-<E S*- I FCR«* 3 V) 

IF ( (X • LT • .25) .ANO.(PDX.LT.O.) ) BCJR =0. 


SC TO 500 

C FIND VALUES FOR R EG ENERATION 

2 3 3 CONTINUE 

FL UX = F LX* ( FL UF ( I • 6*6 . ) ) 


RPMM = VA*GR A( 1 ) 
CEMFM = P.PMM*FLUX 


XV 8 V/2. 

IF( CEMFM E.XV) GD TD 


T2r 


x: (AQSl Pl)l n/CFMFMI/l .’n 

XV = XV f ( ( Kt:S+»RES)»XC) + CBM1 


ir (rr-ipM.LF.xv ) go td 292 
>C T.j 270 


RLj u Ar 


Otlioi 


292 *R ITEM 16, 904) VA,PJl 
93^ FUR-IAT (4SH INAPEJJATE COUNTER EMF TO PROVIDE REGENERATIVE . 


123M3RAKI N3 AT VELOCITY = 
3 3 JR = 0. 


,F7.3, 12H FT/SEC AND , F15.2, 6r( WATTS) 


53 3 CCMINJK 

■ . 1 - ( ( BC JR* -iT. 0. ).AND.(PQ.LT«l.C>/) BCUR = Q. 


ir- e. o. ) pcur=-bcur 


P R = P D IM » X 12 R + EDD7 + HYST + WNDXM + BFXM 

°8 A = PO 

C 5 FT POacK LOSS Ft 3 S’ CONTROLLER ; , 

C PI’ X = JJMCr I ON LOSS, PBASF=BA5 E JUNCTION LOSS, P SWT=SWI TCHI NS 'LOSS 

3PX=C 3M0+ ABSCCBMl »3CUR) » ( (( BM2*BCUR**2 ) / A ) 

Pf’ AS E= (.b + .02*(BCUR/40) )*3CUR/5 

_ PGUT=8CJR»0V»1 13 30 . 

? E-- X= ( ■? B Xf P ;1 A SF P S W T ) * 1 • ?. 

PR = 71 B + -* B X 

i3C UR = pli/BV 

PP Arv = PB / WB ; 

I F < I . !'S . . 1: . 0 . ) '-'BA* = -PBAR 




If ( P3.EQ.3 . ) PB =1. F-QB 


IF( PU.E'J.O. ) PD = l.E-08 
IF (A C.H.GT .AMAX ) WRITE(1C , 901) 
S r JM'J = SUMD + VA* DT/5283. ’ 



If I PJ IM.EQ. 0. ) 

PDIM = l.E-08 


If ( P SN.EQ. 3 . ) 

PBA = l.E-08 


XME F c = 133, *PJ1 MX PBA 


XDtfp = 100. *PD/>8 


IF (PO.LT.O.) 

XOEFF = 100.*PB/PD 


I F ( P 3 1 H. LT. 0.) 

XMEFF = 100 PBA/ PDIM 


IWHIUMwiw 

+• PO^DT/SoUO. 


IF ( MOD ( NNP, 36) 

• N E • 0 ) GO T3 248 


WRI TF (16,134) 

I XI 


WRIT El 16, 126) 

1X2 


WRIT E ( 15 , 1 AO KT fcST hi, ft U, RAT ID , TXMR 1, TXMR 2, TXMR 3, RPR 


W P 1T!= (16,132) 


248 

CONTINUE ' 



N(\i P = MNP + 1 
WRI TF ( lo , 1 3 8) 

SUMO , VA , NX , PD , PD I M, RPM, BVX , ACJR, X 12 R, EDDY, HY ST , 


IN N DXM , 13 F X M , PBX 

,P:3,BCUR,XMEFF, XOEFF, ACCOM 

136 

FORMAT (1 X ,1 F6. 

4, 1F3 .3 , 13, IX , 3F8 .0, IX, 2FC, 1, 3X, 6F6. 0, IF 8. 0, 1F7. 1 


1, 3.X , 2=6.2, IF 9 

. 2 ) 


FU = ACX 


96 0 

RE TURN 


1000 

3 C UR = 0« 


RPM =3. . 

AC UR =0. 


PDIM = 0. 
BVX = 3. 



XI 2R = 0. 
EDDY = 0. 


HYST = 0. 

WNDXM = 0. - . 


"BFXM = 0. 
GO TO 500 


900 

WRI TF ( 16,901 ) 

PDI , PMMX , RPM 

901 

FORMAT (IX, 25HEXLESSIVE POWER REQUIRED , 16M PDI AND PMMX = ,4E15. 


15 ) 

A = . 


98 * A 













\% > o 


vr = v \ + a#w 


VA » (VT +VN) / 2. 

jflag = 1 + j ■ _ a s ' 

GO TP. 9jJ 

t \n 

F- JNC T m = EUR (FLUX. F_I «j F- 1_XJJ |_j 

IMIS KHririN Gli/ts T FIE FIELD CURRENT 
TH1 S F JNC T 1 t-N GIVES T HE__F I E LD CURRENT RCQUIRED FOR 
C A GIVEN! F_ L l X 

F LX X . U) = 5 .7*TANHt .13226 *X ) +.1Q33*X + .5 

A X I ( X t V ) = ( X-. 5 ) * Y/( (5. 7^.13226 + . 10 33) *6. J 

AX2 ( X , V ) = ( X- t > . 2 )* Y/( . 1.03 3*6. ) 

n = flux/plx 

IHFL. LT. 6. <1) 30 TO 100 
" R JK’= AX2(FL t FR) 

GO 1 i 1 120 

100 f: UR = AX1(FL,FIR)' 

1 2 0 F X = FC JR *6. /FIR 

UO FLT = FLXX ( F-X ) 

EX * FL-=LT 

I F < Fl .LI .3 « ) CJ? ‘ T :J 120 ' ' 

... FX = FXf i ( ERfrf-X/ ( F LT- 3. ) ) ) 

03 in i4u 

1 2 0_ F X =• FX_ +( ( ER»F X_/_J F 5H) 

140 1F(AH5(ER!.LT. 1.E-J9 ) GO TO 150 

33 in 1 4_g 

150 FCUK = Fx*FIR/6. 


RE T JRN 


ENID 

ADVANCED 

EV PROPULSION SYSTEM 

CONCEPT At) 

* SINGLE 

■iniOR /DR 

.AXLE W/TRANS 

. WF A Cl 

718. 6 7 

6 00. 0 0 

3 00. 

1.299 

6.0 

.30233 

1.04 


11.5 

o 008 

1. 097 OE- 05 

9. 630E-0B 

1 9. 

31. 

76. 


7.2666 

59 . 

2 5 0 . 

1.50 

• 1^4-8 

• 2495E - 

04 . 0066 


2 5. OUr; f o? 

72 00. 

9000. 

375. 

96. 

194. 

.0050 

96. 

6 7. 

6o 

1J. 

9. 

9. 

240. 

.02 

.3 4 

45. J'JE+3 3 

2 40. 

233 . 

388. 

240. 

.001024 



10. 

. 24 

. 005 8 

2 1 0 . 





40 • 00E+03 

241. 

' 258. 

3 8 8. 

240. 

. 001 031 



123. 

3 .75 

.006 

250. 





9 6. 

15. ' 

2 0. 

900. 

2.5 

65. 



2 9.18 

3 5.26 

4o 3 1 6 • 

4. 

500. 




3 0. OOF + 03 

231 53 . 

46316. 

200. 

241. 

196. 

.0062 

93. 

45. 

5. 

5. 

5 . 

40. 

666.6 

5.5 


I .000 

1.74 

3 . a c 

. 4158-01 

. 083E- 

05 • 222E- 

01 50. 

275. 


ADVANCED EV‘ PROP. ' SYST. CONCEPT 02 ONF MOT OP / BUFFER W/CVT 3VIE AXLE DR I VE DO 1 
71 F, 67 o 00. 00 300, 1. 299 6. 0 .00233 1.04 


11.5 .003 

5.4444 59. 

1.09 70E-05 
2 50. 

9. 63 0F- 
1.50 

08 19. 
.1666 

34. 76. 

• 3 333E- 04 .006666 



26.002 + 02 b 40 Oo 

7800. 



HEHI 

.0055 

90.4 


67 . 5 . 

8. 

HaHi 



4. 5 



2 9. OOE + 03 2 40. 

23 B. 

414. 

180. 

.0012 



~1 

10. .24 

. 0258 

210. 





! 

45.O3E+03 241. 

238. 

42, .5. 

180. 

.0015 




16 0. 3.7 5 

.0 06 

> . » 

2*0. 
1 1 7C 


L. C V 



L 


2 9 . IB 35.26 46316. 4. 500. 

?4.'l)'0Et03 23153. 46316. 200. 241. 196. .0208 92. 

60. 7. o • 6. 3. 90. 4.5 

1.03 0 1.74 3.86 .5556-01 Til IE- 05 .222E-01 504 TT57 

SAF J227 DRIVING CYCLE 45 MPH CRUISE CONDITION APPROX. CONST. POWER ACCEL. 

■ 122 ^ __ 

2.54 7.08 10.62 14.16 17.70 21.24 24.78 28.32 31. 86 35. 4 







f *■ * " ~ ' — — ’ 111 1 —M 


37.756 

39.973 

42.075 

44. 07 6 

45.990 

47. 827 

49,597 

51.305 

52.958 

54.562 

55.119 

57.634 

59.111 

60. 551 

61. 959 

63. 334 

64. 6 81 

66. 00 

66.00 

66.00 

66. 

66. 

65. " 

66. 

66. 

66. 

66. 

66. 

66. 

66. 


66. 

66. 


66. 

66. 

66. 

66. 

66. 

66. 

66. 

66. 

66 . 

66. 

66. 

66. 

66. 

66. 

65. 

66. 

66. 

66. 

66. 

66 • 

66 . 

66 • 

66. 

66 . 

66. 

66. 

66.00 

66.00 

66. 00 

66. 00 

66. 00 

66. 00 

65.00 

66.00 

65.109 

64.230 

63.362' 

62.505 

6 1.658 

60.822 

59.995 

59.178 

BiSEni 

57. 573 

51.176 

44.779 

38.382 

31.985 

25.588 

19.191 

12.794 

6.397 





0, 

' 0. 

0. _ 

0. 

0. 

_0. 

0. 

0. 

0. 

o. 

0. 

0 . 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 







7,1,^ mm;’ 


2. 






REPir 

' ' t; v 

.u 2 , vjl/ IXilJ 


ACCELERATION FROM 0 TO 

55 MPH 

IN 15 SECONDS. 

ORICP 


, 1 . - i 1 ■■ - f * » 


30. 

. 5 





mmm 


mm i 


3.766 

7.533 

11. 3 

15.067 

18. 833 

22.6 

YlmAhm 


EE fvl 

37.567 

40.905 

43.905 

46.712 

49.360 

51.874 

54.271 

56.566 

58. 772 

60. 898 

62.952 

64. 942 

66. 872 

68. 748 

70.573 

72.354 

74.091 

•75.789 

77.449 

79.074 

80.667 
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